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MILITARY HYDROLOGY

BREACH EROSTION OF EARTH-FILL DAMS AND
FLOOD ROUTING (BEED) MODEL

PART I: INTRODUCTION

Background

1. Under the Meteorological/Environmental Plan for Action, Phase II,
approved for implementation on 26 January 1983, the US Army Corps of Engi-
neers (USACE) has been tasked to implement a Research, Development, Testing,
and Evaluation program that will (a) provide the Army with environmental
effects information needed to operate in a realistic battlefield environment
and (b) provide the Army with the capability for near-real time environmental
effects assessment on military materiel and operations in combat. In response
to this tasking, the Directorate for Research and Development, USACE, initi-
ated the AirLand Battlefield Environment (ALBE) Thrust program. This new ini-
tiative will develop the technologies to provide the field Army with the
operational capability to perform and exploit battlefield effects assessments
for tactical advantage.

2. Military hydrology, one facet of the ALBE Thrust, is a specialized
field ot study that deals with the efiects ol suriace and subsurface water on
planning and conducting military operations. In 1977, the Headquarters,
USACE, approved a military hydrology research program; management responsi-
bility was subsequently assigned to the Environmental Laboratory, US Army
Engineer Waterways Experiment Station, Vicksburyg, i3,

3. The objective of military hydrology research is to deveiop an
improved hydrologic capability for the Armed Forces with ewphasis on applica-
tions in the tactical environment., To meet this overall objective, research
is being conducted in four areas: (a) weather-hydrology interactions,

(b) state of the ground, (c¢) streamflow, and (d) water supply.

4. Previously published Military Hydrology reports are li:ted inside the
back cover. This report is the fifth that contributes to the streamflow
modeling area. Streamflow modeling is oriented toward the development of pro-

cedures for rapidly forecasting streamflow parameters, including discharge,




velocity, depth, width, and flooded area from natural and man-induced
hydrologic events. Specific work efforts include (a) the development of
simple and objective streamflow forecasting procedures suitatle for Armv Ter-
rain Team use, (b) the adartation of procedures to automatic data processing
equipment available.to Terra‘n Teams, (c¢) the development of procedures toer
accessing and processing information included in digital terrain data bases,

and (d) the development of streamflow analysis and displav concepts,

Purpose and Scope

5. The work reported herein is an effort in the "Induced Floods as
Linear/Area Obstacles" work unit of Department of the Armv Proiect
No. 4A762719AT40. The objective of the work unit is tc provide the Armed
Forces improved capabilities for forecasting the downstream flood flow impacts
resulting from controlled or uncontroiled (dam breach) releases for single or
multiple dams.

6. The purpose of this study was threefold:

a. To develop a mathematical model for the simulation of gradual
erosion processes ¢f an earth dam so that the flash-tlood hvdro-
graph can be pradicted.

b. To route the released water mass through a certain distance down-
stream by means of an existing numerical technique.

c. To conduct a sensitivity analysis for the varicus parameters
involved.

7. The first phase included development of a numerical model, both for
mainframe and mirrocomputer facilities, as well as analvtical zczlutions for
simplified versions thereof for prediction of the tlash-flood hvdrograph. In
the cecord phase, the selnticr~- provided in the first phase were used as
upstream boundary conditions for the Muskingum-Cunge method with variable
parameters that will route the flood wave through the receiving downstream
channel. In the third phase, the combined model was appliea under various

conditions, and the results were compared and analyzed.

Dam Failure

8. Devastating flash floods resulting trom sudden dam failure involve

potential hazard to both human 1ife and property. .lansen (1980) states that

6




there have Leen approximately 2,000 dam failures arnund the world since the
12th - .cury. About 10 percent of those failures occurred during the 20th
century, causing loss of more than 8 000 lives and damage costs of millions of
dollars. A recent example is the failure of Stava Valley Dam in Italy on

19 Julv 1985, which resulted in 200 fatalities and the destruction of 20
houses and 3 hotels.

9. The International Commission on lLarge Dams census of 1962 registered

3

9,315 dams with heights greater than 15 m or between 10 and 15 m if water

storage exceeds 1,000,000 m3. However, according to Gruner (1967), the total

number of dams that impose risk of serious damage in case of failure may well

exceed 150,000. The US Army Corps of Engineers (1975) classified about 20,000
dams in the United States as potentially dangerous in the event of a failure.

In spite of these impressive statistics, little is known abcut the triggering

and controlling mechanisms of dam failure.

10, The majority of dams are man-made earth-filled dams. Their failure
can be attributed to a single factor or to a combination of various factors
such as unexpectedlv large inflows, inadequate foundation, differential
settlement, Jandslides, earthquakes, poor design or ccnstruction, deficient
materials, improper management, or acts of war. The mode of failure depends
both on the cause and the characteristics of the individual dam. Historical
earth-dam failure data indicate that the time taken for the reservoir to empty
after the dam was breached has varied from 15 min to more than 5 hr (Singh and
Snorrason 1982). This is an indication that dam failure is a time-dependent
and not an instantancous process.

11. The failure processes on an earth dam are generally classified in one
of the following categeries: internal erosion due to piping, progressive ero-
sfon of the decwnstream face due to seepage, or overtopping of the crest and
subsequent enlargement from erosion of an initially developed breach. Statis-
tics based on information from several sources (lou 1981) show that aboeut
40 percent of failures are caused by piping or seepage, 30 percent by overtop-
ping due to inadequate spillway capacity, 10 vercent bv landslides, and 20
percent bv other causes classified as miscellaneous. The ability to predict
dam breaching is easential for a reliable estimatiorn of the released water
hvdrograph., The shape, duration, and magnitude ot the dam-breach flood hvdro-

graph affect the results of flood routing on its downstream course. Accuracy




of these results is very important for flood forecasting, cortingency evacua-
tion planning, and management decisions for dam safetv.

12. The dam-break problem can be divided into two parts: dam failure
processes and routing of the released mass of water downstream. f{he two pa’ts
can be solved separately. Of course, the sequence of the solution canrct be
changed, since the results of the first part must be used as upstream boundary
conditions for the study of the second part.

13. Failure of an earth dam is a very complicated, unsteady, nonhomoge-
neous, three-dimensional phenomenon that is still not fully understood. Tlhe
size, shape, and location of the initial breach is usu=1lly unknown. The ero-
sion processes during breach enlargement involving suspended sediment trans-
port, layer by layer and/or mass erosion, and sloughing of the slopes are verv
dynamic processes that have not been defined theoretically as yet. On the
other hand, routing of the flood wave downstream becomes complircated hv rapid
changes of the morphology of the receiving channel or 'asin due to scouriag or
shoaling, inadequate information regarding friction factors, and water mass
losses due to infiltration or local storage. Another process contributing to
the complexitv of the problem is the presence of sclid materials, in the torm
of mud and debris, which are carried downstream by the flowing water.

t4. In spite of these difficulties, it is possible to idealize the svstem
and to develop a mathematical model for dam break/flood routing simulation by
making proper assumptions and simplifications. The accuracy of this model
will be compatible with the validity of its approximations. Due to the large
number of controlling physical parameters, the uncertaintyv of the governing
processes, and the idealization of the phvsical system, it is essential for
the sake of safety to predict the most severe conditions to be expected bv
conducting a sensitivity analysis. This will also provide information abcut
the importance of each individual quantity or process within the entire dam

break/flood routing simulation model.




PART 11: LITERATURE REVIEW

15. Although dam break and 1ylood routing might be coupled processes, they

will be treated separately for simplicity throughout this study.

Dam-Break Mathematical Modeling

16. 1In spite of the importance of the subject, very few attempts have
been made to mathematically model the gradual failure of an earth dam. All of
the existing models are based on the princinles of hvdraulics, hydrodynamics,
and sediment transport, but each model has i:s owa characteristic features. A
general discussion of these models is giver in the following paragraphs.
Cristofano

17. The first attempt to simulate the mechanics of graduzl dam breach
erosion was perhaps done by Cristofano (1965), who equated the force of water
flowing over the breach to the friction resistance force acting on the wetted
perimeter of the breach. After some manipulation, he derived a differential
equation relating the rate of change of water discharge to the rate of change
of the vertical and lateral erosion within the notch., However, the applica-
tion of this e uation was cumbersome for mrnuzl computation and was also
discontinuous in certain cases. Cristofano simplified his approach, and the

following analytical expression was obtained:

Q
5 _ _ % +an § .
Q. Ko exp < h ) (1)
b
where
0 = sediment discharge

Qb = water discharge through the breach

K = proportionality constant

2 = length of the breach in the flow direction
® develoned angle of repose of the soil
h

= hydraulic head at any given time




18. The applicability of Cristofano's model is limited by the assumption
of a trapezoidal breach of constant width where the side slopes and the longi-
tudinal slope of the breach bottom are equal to the developed angle of
internal friction. There also is an uncertainty in the estimation of the pro-
portionality constant KC . The solution requires a trial-and-error
procedure. The model was applied by the Bureau of Reclamation to Hyrum Dam,
Utah, and by the Tennessee Valley Authority to Brown's Ferry Nuclear Power
Plant.

Harris and Wagner

19. Harris and Wagner (1967) treated the dam failure problem as a para-
bolic breach subjected to erosion. The sediment transport was estimated by
the Schoklitsch bed-load formula. The flow through the breach was assumed as
spillway overflow, while tailwater effects were neglected. The model requires
specification of breach dimensions and slope, in addition to sediment grain
size and critical value of discharge for initiation of sediment motion. The
applicability of the model is limited by the uncertainty of the values of var-
ious parameters involved and by neglecting tailwater effects and sloughing.

Brown and Rogers

20. Brown and Rogers (1977, 1981) reported on the Bureau of Reclamation
computer program BRDAM, which was based on the work of Harris and Wagner
(1967). The model, which is capable of simulating erosion from either
overtopping or piping, was applied to the failure of Teton Dam, Idaho. Its
limitations are similar to those of the original model of Harris and Wagner.

21. Extensive research on dam-breach flash flooding was accomplished by
Fread (1977, 1978, 1980, 1981) using the National Weather Service computer
program DAMBRK, which can handle rectangular, triangular, or trapezoidal
breach skapes. The breaching of the dam commences after the water elevation
within the reservoir exceeds a specific value, aad the breach bottom enlarges
at a predetermined linear rate. In the total outflow discharge, both broad-
crested weir flow over the breach and flow through spillway outlets are incor-
porated. The DAMBRK program was applied to five historic dam-break flood
cases, Although the results after calibration were satisfactory, the model
cannot be applied for predictive purposes due to the requirement of a priori
definitions of failure time duration and terminal shape and size of the

breach. Therefore, this model is useful only for the estimation of a spectrum

10




of possible flooding events, not for prediction of the one most likely to
occur.
Lou

22. Lou (1981) presented a model for estimation of the outflow hydrograph
generated by a gradual earth-dam rupture. His model was based on the conti-
nuity and momentum equations of unsteady flow solved by Priessmann's four-
point finite-difference scheme. The inertia terms of the momentum equation
were neglected. For the sedimentation processes, Lou initially used DuBoy's
bed-load equation along with Einstein's theory for suspended sediment trans-
port. However, this approach, when applied to dam-erosion cases, experienced
instability problems. Thus, he proceeded with a simplified sediment transport
expression that he called a transport function. It was derived from i‘he

assumpiion that embankment erosion was proportional to the kinetic energy of

the flowing water and was expressed by the following equation:

M=c¢ tdu (2)
where
M = mass of «(roded soil
e, = erodibility index
td = failure duration time
u = water velocity through the breach

23. Applicability of the model as a predicter is very limited since the
duration of failure time and the erodibility index are almost impossible to
predetermine. The model was calibrated and tested using the transport func-
tion approach for the failure cases of Teton Dam, Idaho, and Mantaro Dam,
Peru. The results were satisfactory.

Ponce and Tsivoglou

24, Ponce and Tsivoglou (1981) developed a gradual dam-breach model using
the St. Venant system of equations, which they solved numerically by the
Priessmann's finite-difference scheme. The sediment routing was done by an
Exner-type equation where the bed-load function was that of Mever-Peter and
Mueller (Simons and Senturk 1976). Regarding the breach morphology, they
introduced a regime-type relation between top width of the breach and flow
rate. This relation was applied from inception to peak flow, 2fter which the

breach was kept constant. The weakness of this model is the determination of

1




the rate of growth of the breach width and the neglect of the sloughing
effects. The model was tested on actual data of the failure of the natural
embankment that formed Mantaro Dam in Peru.

25. The latest development on breach erosion for earth-fill dams is the
BREACH model presented by Fread (1984). This is an iterative numerical model
based on broad-crested weir flow over the breach and quasi steady-state uni-
form flow along the downstream face breach channel. In development of the
model, tailwater effects were included. Sediment transport was treated by the
Meyer-Peter and Mueller bed-load formula. The innovative aspect of the model
is the introduction of slope stability, although the theoretical derivation is
for dry soil conditions. The simulation of erosion assumes that the breach
slope is parallel to the downstream face slope of the dam. The applicability
of the model for predictive purposes is restricted by the uncertainty of the
values of critical shear stress for initiation of erosion and terminal breach
width, which are required as input data by the model. The model was applied
to the failures of Teton Dam, Idaho, and Mantaro Dam, Peru.

Classification and comparison of models

26. All of the existing models have some advantages and disadvantages
regarding computational efficiency and realistic description of the physical
processes. When they were applied to historical dam-failure cases, all of the
models showed an acceptable degree of accuracy. Of course this is due par-
tially to the fact that a number of parameters can be calibrated to improve
simulation results. The basic philosophy for mathematical modeling of dam-
break problems is the coupled treatment of the two phases involved, i.e.,
reservoir water and sediment from the dam body. Governing equations and the
number and nature of physical and empirical parameters determine the suit-
ability of the model for prediction.

27. Similarities and differences of the various models are given in
Table 1. This illustrates the evolution and expansion of the technology of
earth-dam failure simulation during the last 20 years, from the simple con-
ceptual model of Cristofano to the most sophisticated BREACH model of Fread.
Improvement of the existing state of the art can be achieved by reducing the
number of parameters needing calibration and by introducing more realistic

assumptions for both water discharge and sediment transport mechanisms.
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Breach Characteristics

28. One of the weak points in the studies of earth-dam failures is the
breach morphology. Breach shapes and dimensions have been documented in many
cases, but predictive correlations are very limited. The same is true
of the failure'duration time. Information on pertinent earth-dam breach
characteristics for 52 cases is given in Table 2 (Ponce 1982; Singh and
Snorrason 1982; MacDonald and Langridge-Monopolis 1984).

29. Singh and Snorrason (1982) analyzed the historic data for 20 dams and
provided information on the three breach parameters: width of breach, initial
hydraulic head for failures caused by overtopping, and failure duration time.

30. Ponce (1982) presented a preliminary analysis of certain parameters
relevant to the breach morphology. For his analysis he used the breach Froude

number F :

Q
3 1/2
B(gd’)
and a shape factor SF , defined as
Bd
S = (4)
F BDZo
where
Qp = peak outflow discharge
B = top width of the breach
g = acceleration due to gravity
d = depth of breach
BD = top width of dam
Zo = initial height of dam
By plotting the data from 29 historical cases (Figure 1), Ponce derived the
relation
F = 0.20:3;0‘39 (5)
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Figure 1. Breach Froude number versus shape factor

(after Ponce 1982)

which is comparable to the equation reported by the US Army Corps of Engineers

(1961),

F = 0.298 (6)

31. Another interesting compilation of breach characteristics data was
presented by MacDonald and Langridge-Monopolis (1984), who analyzed 42 cases
and suggested an empirical methodology for predicting the shape, size, and
failure time for an earth-fill dam. Their methodology is based on Fig-
ures 2-4. 1In Figures 2 and 3, they make use of a "breach formation factor,"
which is defined as the product of the discharged volume of water and the
difference in elevation between peak reservoir water surface and breach base.
By estimating the breach formation factor, they obtain breach volume from

Figure 2. Having the volume of breach, they use Figure 4 for prediction of
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Figure 2, Outflow characteristics versus breach size (reference
numbers are identified in Table 2) (after MacDonald and Langridge-
Monopolis 1984)
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Figure 4. Breach failure time versus volume (reference
numbers are identified in Table 2) (after MacDonald and
Langridge-Monopolis 1984)
failure time. The same authors suggested a triangular breach shape with 2V:1H
side slopes, which turns into a trapezoidal shape after the breach reaches the
base of the dam. Houston (1984) reanalyzed the previous data, proposing a
trapezoidal breach with 1V:1H side slopes and base width equal to the depth of
the breach,
32. Further analysis of breach characteristics is given in Figures 5 and

6 where the breach top (B), bottom (b), and average widths are plotted versus
the height of dam and the depth of breach, respectively. Using least squares

curve fitting approximation, the following relations were obtained:

B = A.ASZO (7

b = 2,047 (8
0

b = 2.60d (49)
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The constant coefficient in Equation 8 is less than the one in Equation 9
because breach depth d is sometimes less than the dam height ZC , which
means partial failure occurred. Indeed, in 9 of 39 documented dam cases, the
failure was partial.

33. Based on the data of Table 2, the probability of exceedance of dam
feilure time is plotted in Figure 7. In the same figure, the probability of
exceedance of the initial hydrauliec head for an overtopping failure event is
also plotted using data from Singh and Snorrason (1982). Thus, with a
50-percent probability, failure time will be about 1.10 hr, while initial head
will be approxiately 0.4 m.

34. Although these results provide valuable information about the order
of magnitude of breach characteristics when applied, they should be used with

caution and judgment. The scattering of the data points and lack of

INITIAL OVERTOPPING HEAD, METERS
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Figure 7. Probability of exceedance of initial overtop-
ping hydraulic head and failure time




theoretical explanation restrict the applicability of those empirical rela-
tions and indicate the need for a more thorough and detailed analysis of

breaching mechanisms.

Mathematical Modeling of Flood Routing

St. Venant system of equations

35. Propagation of a flood wave through the receiving channel and flood-
plain can be successfully described by means of unsteady, incompressible,
free-surface hydrodvnamic equations. More specifically, they compose the

so-called St. Venant system of equations expressed as

A aQ ..

5t + 3= - 9 (Continuity) (10)
2, 2 [ ’y
S—t' + H A—' + gA -a—-)z + gA (Sf - SO) = 0 (Momentum) (ll)

where

A = wetted cross section

t and x = time and distance coordinates, respectively

Q = water discharge

q = lateral inflow

y = water depth

S. = energy loss gradient

= slope of the channel

To determine the energy gradient, either Chezy's or Manning's friction rela-
tion can be applied. For completeness of the problem, both the initial and
boundary conditions must be provided.

36. The St. Venant system of equations is a nonlinear partial differ-
ential system of the hyperbolic type for which no general analytical solution
is known. Solution of that system can be obtained only by means of three main
numerical techniques: the characteristics, the finite differences, and the
finite elements. Each method 1is described in the following paragraphs.

37. Characteristics technique. The main feature of this method is the

transformation of the original partial differential system of two equations




into an ordinary differential system of four equations. This is possible
because the svstem is hyperbolic. The characteristics can be defined as
propagation paths of a geometric or physical disturbance. For a channel of

constant width and zero lateral inflow, Equations 10 and 1l can be written as

3y 3y du _

dt +u 9X ty ax (12)
Jdu Ju §X -
ot tu 9x te X * g(Sf - So) 0 (13)

Combining Equations 12 and 13 and the total differentials (du,dy) yields

My 1 - -
B u 0 y.1 E% = 0
ay | - -
0 g 1 u o g (S0 Sf)
Su (14)
dt dx 0 0| |5 = dy
0 0 dt df [%E = L du
Equation 14 has a defined solution if and only if (Abbott 1966):
d + +
<f%> =u+ /gy =u+ ¢, = n (15)
dx - /—- -
—_— = - = + = C 16
<dt> v By v Co (16)
+ d(u + 2c )
dJ o
gl = — 2 = - 17
( t) at 8(S, - 5¢) (7
- d(u + 2c )
dJ o
—_ T ——— = S - 18
( t> T 8(8, - 5p) (18)
25




where
+
C™ = wave characteristics
+
J” = Riemann's quasi-invariants
¢, = wave celerity

38. Thus, the system of Equations 12 and 13 has been transformed into the
system of Equations 15-18. The new system can be solved graphically (Schon-
feld 1951), semigraphically (Chow 1959), or numerically. The numerical
solution is based on the finite-difference techniques. The solution can be
obtained either on a characteristics grid (Figure 8) in explicit form (Faure
and Nahas 1961) or implicit form (Amein 1966), or on a fixed grid (Figure 9)
in explicit form (Stoker 1957) or implicit form (Mozayeny and Song 1969).

39, Finite-difference technique. The main feature of finite-difference

techniques is approximation of the derivatives in the governing equations by
truncated Taylor Series so that the solution is obtained on nodal points of a
rectangular x-t fixed-grid system.' The solution proceeds from time step j

to time step j+1 . 1If the computation advances by solving a single equation,
the numerical scheme is explicit, If the computation requires the solution of
a system of equations, the scheme is implicit. Explicit schemes were sug-
gested by Isaacson, Stoker, and Troesch (1958), by Courant, Freidrichs, and
Lewy (1967), by Lax and Wendroff (1960, 1964), and by Dronkers (1964).
Implicit schemes were given by Preissman, Vasilier, and Abbott (Mahmood and
Yevievich 1975) and by Dronkers (1969).

40, Finite-element technique. In this method the solution domain is

subdivided into a number of subdomains, the finite elements, and for each ele-

X(e)

ment the unknowns are approximated in discrete form as

(&) _ 3
(2 = o, (19)
where
Ni = shape functions
Xy = value of the unknowns on the nodal points
m = number of nodes of each element

Substitution of the approximate solutions (Equation 19) into the governing
equations produces an error that is minimized either by means of variational

calculus or by the more general method of weighted residuals (Finlayson 1972).
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Figure 8, Two-dimensional characteristics grid
(L = left, P = point of determination, R = right)

Figure 9, Characteristics on a rectangular fixed

grid (A and B = arbitrary grid points, M = mid-

point, j = discrete time, 1 = discrete longitudi-
nal space)




In that way, a local algebraic equation is derived for each element. After
assemblage of all local equations into a global system, solution is obtained
by solving the system and determining the values of variables at each nodal
point (Zienkiewicz 1971). Depending on the form of shaping functions, the
numerical method can be either a hybrid finite element-finite difference
scheme or a pure finite-element scheme. More specifically, if Ni = Ni(x) ,
then the finite element discretization is done only for the space coordinates,
while the solution marches in time by a finite-differences algorithm (Taylor
and Davis 1973). If Ni = Ni(x,t) , then the solution is based entirely on
finite-element technique (Scarlatos 1982).

Simplified approaches

4l1. Depending on the physical conditions, the St. Venant system of equa-
tions can be reduced to a simpler form by neglecting one or more of the terms
in the momentum equation (Equation 11 or 13). A visualization of various

approximations can be given as follows:

I T Gravity
du du 9y
— —_— + - -
at + Ix 8 ax g(Sf So) 0
1 Kinematic
L 1 Diffusive
L l Steady Dynamic

L l Full Dynamic

42, The advantage of these approximations is primarily the simplification
of computational requirements. However, the physical problem itself dictates
which one of the approximate forms is more appropriate. It has been proven
that the kinematic wave model is a very useful technique for flood routing.

An exteusive treatment of kinematic wave modeling was given by Sherman and
Singh (1978, 1982). Another approach to flood routing is the Muskingum
method, where the dynamic equation is replaced by an empirical relation
between water storage and inflow-outflow discharges (Singh and McCann 1980).

Classification and comparison of models

43. The St. Venant system written in the form of Equations 10 and 11
neglects the effects of wind stresses, atmospheric pressure differences, and
the Coriolis Force. Knowledge of initiul and boundary conditions is also

required. Experience with the full dynamic model has shown that it can yield
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results of sufficient accuracy, but the solution is sensitive and sometimes
leads to computational instabilities. On the other hand, simplified models
show a more stable solution behavior, and they produce some kind of results
under all circumstances. In many cases, however, these results are very
inaccurate and of no practical use. Precise delineation of conditions under
which simplified models can be successfully applied has not yet been achieved.
The problem of defining the best model is very complicated due to the large
number of variables involved. Additional confusion is introduced by the
special features of the uumerical solution technique itself. When local and
convective acceleration is negligible, the diffusive model can be applied.
Furthermore, if pressure variation is small in comparison to gravity and fric-

tion effects, the kinematic wave approach is suggested.
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PART IITI: GRADUAL DAM-BREAK EVOLUTION AND FLOOD PREDICTION

Dam-Break Evolution

44, Simulation of the total earth-fill dam-breach erosion process is a
combination of hydrologic elements, hydrodynamics, sediment transport mechan-
ics, and geotechnical aspects. The real-life problem is unsteady, nonhomo-
geneous, nonlinear, and three-dimensional, which is not theoretically well
understood. Mathematical modeling of the phenomenon requires idealization of
the real-life situation so that the leading physical processes can be
described by a set of governing equations., Assumptions on which the governing
equations are based, the ability to determine certain parameters involved, and
accuracy of the solution algorithm control the validity of the model. For
practicality, there is always a trade-off involving complexity, accuracy, and
efficiency of the model.

45, Earth-fill dam-breach erosion is understood intuitively as a two-
phase wa er-soil interacting system. Water from the reservoir flows through
the breached section of the dam, causing enlargement of the breach either by
erosion or sloughing. The process continues until the reservoir is emptied or
the dam resists further erosion. In the following sections, each component
and process of the reservoir-dam system will be presented. Assumptions and
simplifications will be discussed and explained through physical reasoning.

Reservoir water mass balance

46, The volume of water stored within the reservoir ¥ 1is a function of

the reservoir geometry. Theoretically, this volume can be estimated as

H
¥ = [ A (H)dH (20)
0 s

where

H = reservoir water level measured from a reference datum

AS = surface water area within the reservoir
Equation 20 assumes a horizontal water surface within the reservoir, neglect-
ing any possible surface profile, which is for practical purposes correct
und~r equilibrium conditions. When the dam is breached, water from the equi-

librium stage within the reservoir starts to accelerate and converge toward
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the breach, while at the same time there is a continuous depletion of the

water volume ¥ . This phenomenon is essentially dynamic and is controlled by
both the mass continuity and momentum balance equations. Due to comparatively
small velocities within the reservoir and the locality of the dynamic effects,
the rate of water volume depletion can be described by a single mass continu-

ity equation-as

T, -9 - -Q (21)

(]
n

inflow
Qb = breach outflow discharge

outflow over the crest of the dam

=l
L
] ]

sp outflow through the spillway and powerhouse outlet
The time derivative of the water volume can be written as

.(_ii = ﬂ .d_H. = AS(H) .‘& (22)

where V 1is the reservoir water storage capacity. Combining Equation 21 and

22 yields

Ay G =1 -9 - Q- o (23)
47. 1Inflow discharge IO includes all water sources such as riverine
water, watershed runoff, direct precipitation, and ground-water flow into the

reservoir. The combined effect is given in the form of a hydrograph through
statistical evaluation of existing data. The more extensive and accurate the
data set, the more reliable the inflow hydrograph. In case of limited data,
an inflow hydrograph should be assumed that corresponds as well as possible to
the expected conditions.

48. Another specified variable is the outflow QSp . Indeed, the
spillway capacity 1s given as a function of the water elevation H , while the
powerhouse discharge is also a predetermined function of water :levation and
time. Knowledge of both of these quantities is essential for efficient

operation and management of the dam, so they are always accurately specified.
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49, Before construction of a dam, the upstream valley that will serve as
the artificial lake is mapped in detail to determine the storage capacity of
the reservoir. Therefore, the relation AS = AS(H) is a known function. 1in
most cases, however, instead of the AS = AS(H) relation, an equivalent rela-
tion of ¥ = ¥(H) 1is provided so that the AS(H) function can be obtained
directly as the tangent at any point of the ¥~H curve.

50. Referring to Equation 23, it is obvious that the only unspecified
quantities are the outflow discharges through the breach and over the crest of
the dam. If those quantities could be expressed in terms of only the water
elevation H , then Equation 23 would be an ordinary differential equation
that can be solved easily. However, as it will be shown in the next section,
breach outflow Qb contains another unknown variable, the breach bottom
elevation Z , so that Equation 23 cannot be solved directly. A schematic
presentation of the geometric and physical quantities of dam-break problems is

given as Figure 10.

Criticz. deptr

Precipitation

U“UHUHI Side View

Front View

Figure 10. Geomctric cnd physical characteristics of
earth~dam failure
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Hydraulics of flow through
the brearh and over the crrest

51. Flow through the breach and over the crest of the dam resembles flow
over a broad-crested weir. Since there is no information for unsteady broad-
crested weir flow, steady-state expressions for the flow will be used in this
study. This is justified by the fact that, in the vicinity of the breach,
local accelerations are much smaller than convective accelerations as the par-
ticles start moving from rest toward the breach. Therefore, quasi-steady con-
ditions will describe the phenomenon fairly well, and both outflows through

the breach and over the crest of the dam will be taken as

/2

= * * 3
Qb = [Clb +C, (H-2Z) tan 6](H - 2) (24)

/2

ot 3
Q = C (B = BY(H - Z_) (25)

where

C, and C, = dimensional coefficients

— %

*
2

o0 - bottom width of the breach

Z = bottom elevation of the breach
8

= angle between vertical and the breach side
B = top width of the dam (crest length)

D
B

top width of the breach

Equation 24 corresponds to a trapezoidal-shaped breach, while Equation 25 cor-
responds te a rectangular-shaped weir. For b = 0 , Equation 24 describes a
triangular breach, and for 8 = 0 , a rectangular one.

*
52. In the case of a rectangular weir, the theoretical value for C can

1
be easily derived from critical flow conditions over the crest as
3 L/2 ( )3 1/2 1/2
by 3
Q, = éh = A S/ = {ap 24
b~ B\b 8% 8> \3 ]
(26)
= 1.7b(H - 2)°/?
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where

Ay

Ve

*
Therefore, in the metric unit system, C] = 1.7. The theoretical value for

*
the C, coefficient in the same unit syctem is 1.35., In practice, those

<

wetted cross sectior of the breach

critical depth

values should be reduced due to correction for velocity of approach (Brater
1959).
. L * *
53. Further reduction of the values of coefficients C1 and C, might be
necessaryv when tailwater effects are present, i.e., when flow is submerged

(Figure 11). In that case, these coefficients are modified from the equation

*m N 278’V°—Z 067L )
C1,2_C1,2 1.0 - Slgo=z ~ U (27
where

M. modified C. ffici

Cl,Z = modifie 1,2 coefficient

* * C*

C1,2 = C1 or ?

Yo T water depth at the tailwater section

Foguation 27 is an empirical relation and implies that if the ratio of depth of
submergence over hydraulic head is less than 0.67, the tailwater effects are
negligible.

54. The water depth Yo is computed from Chezy's equation

_ . 1/2, )
Q = Ch(Rhoo, I (28)
or Manning's equation
1 .2/3.1/2 9
0= n Rh So A (29)

where

@]
i

Chezv's coefficient of friction

>
l

h hvdraulic radius at the tailwater cross section

=3
1

Manning's coefficient of triction
Fquations 28 and 29 are transcendental equations with respect to Yo and

require a trial-and-error procedure for their solution.
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Figure 11. Submerged flow conditions

55. Combining Lquations 23, 24, and 25, the reservoir water volume deple-

tion equation reads

dH

_ * * ) 3/2
AS(H) at " Io(t) - [Clb + Cz(H - 272) tan 8)(H - 2)

* 3/2
- Cl(BD - BY(H - ZO) - QSP(H,t) (3M

Fquation 30 is a nonlinear ordinary differential equation with two unknowns:
water elevation H and breach bottom elevation Z . Those two unknowns are
interdependent through the processes of outflow discharge and breach erosion.
For completeness of the solution, an equation that describes dam-ercsion
characteristics should be derived.

Flow through breach on
the downstream face of dam

56. The main erosive force is water flowing at high velocities over the
downstream face of the dam. Although the flow is unsteadv, it can be approxi-
mated by quasi-steady-state conditions by the same reasoning used tor the flow
over the crest. According to experimental data of Pugh and Gray (19847, the
flow over the whole top section of the breach can be assumed as being critical
{(Figure 12). Therefore, the water flow over the downstream face of the dam
will be supercritical, reaching normal flow conditions after passing through
an S2 profile (Figure 10).

57. When local accelerations are neglected, the momentum cquation

(Fquation 13) can be written as
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hil o Critical depth

Fmbankment

0201

0.10:3%_ —

000

Figure 12. Flow over the crest breach section (after Pugh
and Gray 1984)

d_ % +§X+(5f_so>=0 (3D)

Making use of Chezy's friction equation for Sf and after some mathematical

manipulations, Equation 31 yields

2 2

QY. l_.(_z.b_B ::S -—Qb
dx C2 2R
hAb h

e,

(¢]

For steep slopes, Equation 31 should be corrected as

2
Q
So T 22
C, A R
QX - Kb h  _ Fy) RN
dx QZB
cos a - —2
cos oy 3
24

where ay is the angle of the downstream face of dam with the horizontal.

Integration of Kquation 32 requires an iterative technique., Since flow is
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supercritical, the integration starts from the upstream boundary, i.e., the
critical depth.

Erosion processes and sediment transport

58. After development of an initial breach on the dam, the hydrodynamic
forces continue to enlarge the breach by eroding the soil material. Mechanics
of sediment transport is a scientific discipline that has been developed in a
semiempirical form mostly for the case of alluvial rivers. Because of a lack
of information on sediment erosion under extremely dynamic conditions, such as
those occurring during an earth-fill dam failure, sediment discharge will be
estimated by a conventional method, the Einstein-Brown bed-locad formula (Brown
1950). Although this method has been successfully applied for prediction of
sediment transport in alluvial streams, its application to dam-erosion dynam-
ics requires extrapolation beyond the range for which experimental data exist.
The Einstein-Brown formula was chosen since it has been more widely tested
than any other method (Simons and Senturk 1976). Besides, this method does
not depend on a threshold value of shear stress for initiation of erosion,
which cannot be determined easily.

59. Einstein-Brown bed-load formula. The basic idea of the Einstein-

Brown theory is that initiation and cessation of sediment motion depend on the
probability that relates instantaneous hydrodynamic 1ift forces to the sub-

merged weight of a particle. Their final results are presented in the dimen-

-

¢ = sediment transport rate function

sionless expression

where

¥ = inverse of Shield's dimensionless shear stress

Explicitly, the quantities ¢ and ¥ are given as

(34)

and

1 T .
T (35)




where
Yy = bed-load discharge, weight per unit width
Y = specific weight of soil

K_ = constant

36v

ng <Y_s
>

Y = specific weight of water

+

(36)

|
TN

D = representative size of bed sediment
T = bed shear stress
Yy = specific weight of submerged soil

v = kinematic viscosity of the water

Usually, DS is taken as the median size D50 , while bed shear stress is
estimated as
u2
T = YRth =y =5 (37)
Ch

60. The functional relationship of Equation 33 was determined using
experimental data., A plot of the results is given as Figure 13. As shown in

this figure, when 1/¥ > 0.09 , Equation 33 becomes

.y,

At this point, it should be mentioned that due to high shear stresses exper-
ienced in the dam-erosion problem, the value of 1/Y¥ will be much higher than
the limiting number of 2 given in Figure 13. Therefore, in that case, an

extrapolation will be necessary.

Al. Breach bottom erosion rate. Once the bed-load discharge UYw has
been estimatcd, the rate of erosion of the bottom of the breach can be
directly calculated. Indeed, scouring AZ of the breach during time interval

At can be given as
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Figure 13. Transport rate function versus dimensionless shear stress

q, At
AZ = — 2 (39)

Y (I - p)L
where p 1is the soil porosity.

62. Since bed-load discharge depends on hydrodynamic conditions and those
conditions change from critical to supercritical flow, erosion processes must
be considered separately for the breach at the crest and the downstream face
of dam.

Geotechnical considera-
tions of breach slope stability

63. During the erosion processes of an earth-fill dam, the situation
arises where breach slopes become unstable. This happens when the hydrody-
namic forces associated with seepage are greater than the soil friction and
cohesion. The problem can be successfully analy-ed by the contour method
(Chugaev 1964), in which the shearing surface is assumed, for simplicity, as a
single plane passing through the toe of the slope. A schematic representation
of the problem is given as Figure 14, The initial water table is the horizon-
tal line 3-4. Due to breaching and depletion of the reservoir water, the
water surface is drawn down to line 2-5, which will create a horizontal seep-
age force that along with gravity forces might cause failure of the slope.

The main advantage of the contour method is that it requires knowledge of the
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Figure 14. Characteristics of slope instability

head distribution only along the boundaries of the sliding wedge and not
throughout the entire wedge.

64, In the contour method, the total seepage force acting on the wedge is
obtained directly from the hydraulic head distribution. Let 1-7-8 be the
sliding wedge. The piezometric line of the upper part of the wedge is repre-
sented by line 4-3-6-2-5, while the piezometric line for the shearing surface
is given by straight line 4-6-5. Projecting the hydraulic heads on 1'-1"
axis, the horizontal component FH of the total seepage force is proportional
to the area of triangle 1'-2'-3'",

65. For estimation of the weight of the wedge, the nonuniform presence of
water within the sliding wedge should be considered. Indeed, the total weight
of the wedge can be estimated by calculating the weight of the saturated soil
as well as the buoyancy effects as follows. Section 3-4-7-8 is composed of
dry soil (YS). In section 2-6-5, negative pressure is assumed, so that the
specific weight is that of pure water but with a minus sign (-y). Soil is

saturated in section 3-6-4, so the specific weight is

Y, = Y, toPY (40)

where is the specific weight of saturated soil. Finally, the soil sec-

Y
1
tion 1-4-6 is submerged, with specific weight Y, given as
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Y, =Y, - (I =Py (41)
The total weight of sliding wedge, G , is the sum of the four separate parts,

and for a wedge of unit width it yields

G=vyA

s™(3-4-7-8) T TA(2-6-5) T Y18(3-6-4) t Y22 (1-4-6) (42)

where A( ) is the area of each individual section.

66. Stability or failure of the breach sides depends upon the balance of
forces acting on the wedge. Those forces are the weight of the wedge, the
seepage forces, the internal friction, and the cohesion. At the stage of

equilibrium, the force balance equation yields (Chugaev 1964)

FH + G tan (7 - ¢) = Cxp[l + tan ¢ tan (g - ¢)] (43)
where
= angle between the shearing plane and the horizontal
C = cohesion
xp = horizontal projection of the shearing plane

Failure of the slope occurs when the right-hand side of Equation 43 is greater

than the left-hand side.

Flood Routing by the Muskingum-Cunge Method

67. Once the outflow hydrograph from the breach is known, the flash flood
can be routed through the downstream receiving channel. One well-established
technique for flood routing is the Muskingum-Cunge method (Ponce and Yevjevich
1978). This method is based on a linear relation between inflow I , outflow

@ , and reach storage S , given the form

$ = Klal + (1 - )] (44)
where

K dimensional coefficient

o = weighting factor

Equation 44 1is coupled with the volume continuity equation written as
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as _
rri ) (45)

In Equations 44 and 45, the function I 1is known either from the flash-flood
hydrograph or from the computations of the adjacent upstream reach.

68. In contrast with the original Muskingum method where both K and «
are constant parameters, in the Muskingum-Cunge method, K and o vary

according to the expressions

K=-E- (46)
0
and
-1 -9
@ 2 1 S ¢ Ax (47)
where
Ax = length of a channel reach
c, = wave celerity
q = discharge of unit width

It has been proven that application of this routing technique can give results
comparable in accuracy to the application of the diffusive model (Ponce and

Yevjevich 1978).

Numerical Solutions of the Governing Equations

69. Once the governing equations have been defined, the next step is to
determine their solution algorithm. Unfortunately, most of the equations can-
not be solved analytically, so a numerical solution is required. In this sec-
tion, emphasis will be restricted to certain independent solution techniques
and not the overall dam-break problem.

Solution of the water-profile equation

70. For the solution of the water-profile relation (Equation 32), the
numerical technique suggested by Prasad (1970) will be used. Let the flow
profile be described by y = f(x) . Applying the trapezoidal rule of

integration,
dy + v
dxliep dxly
Yier TV Y 2 Ax (48)
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where the subscript 1 refers to the distance along the channel and it
increases downstream.
71. Based on Equations 32 and 48, the two unknowns y and dy/dx can be
computed as follows:
Step 1. Estimate (dy/dx)li from Equation 32, either from initial
data or previous calculation.
Step 2. Set (dy/dx)|i+1

Step 3. Obtain an approximate value for

= (dy/dx)!i as a first approximation.

Yin from Equation 48,

Step 4. Compute a new value for (dy/dx)li+1

from Equation 32 using

the obtained in step 3.

Vi1
Step 5. If the new value of (dy/dx)li+l is not very close to the
value previously assumed or computed, then repeat steps 3-5,.
Otherwise, proceed to the next integration step and repeat
the whole procedure.
The method is fast and accurate and can be programmed very easily.

Solution of the Muskingum-Cunge equation

72. Combining Equations 44-47 and setting them in finite-difference form,

after some manipulations, results in the following equation:

gitl - 0113 + C213+l + c3mj (49)

where the upper index j refers to the time step and C, , C, , C are

numerical coefficients. The space-time discretization o; the iuskin;um—Cunge
method is shown in Figure 15. From this figure it is evident that the outflow
of a specific section is inflow for the downstream adjacent section.

73. The coefficients C. , C2 , and C

1
from the following relations:

3 can be evaluated, respectively,

. L+C, -y 0
1~ T+7c, +¢,
-14+¢C, +¢C
4 "5

C, = =—F/——F]7+ (51)
2 T+¢c, +¢

1-¢C, +C
Cp = 7 (52)

3 1 + C4 + C




p— AX—f=— Ax—et— Ax —=

Figure 15. Space-time discretization for the
Muskingum-Cunge method

in which C4 and C5 are defined as

At
C4 = CO<Z§) (53)
and
C, = 5 (54)
5 cOAx

The time step At is usually taken as constant. Both C4 and C5 have
physical significance, being a ratio of celerities and diffusivities,
respectively.

74. For the estimation of these coefficients, it is necessary to deter-
mine the wave celerity s and the unit width discharge q for each computa-

tional cell. The values of <, and q are defined as
_ (do
¢, = (dA)x (55)
and

(56)

—lo
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where T is the top width of the channel .eofted cross section. To compute
coefficients C4 and C5 » both <, and q are obtain~d directly as a
three-point average of their values at points (i,j), (i,3j+1), and (i+1.j).
This method has been proven sufficiently accurate in the simulation of flood

flows (Ponce and Yevjevich 1978).

; :
Nowtan—Rarhenn dtaratior algorithm

75. In many cases, especially when dealing with trapezoidal cross
sections, the situation arises when the roots of an implicit algebraic func-
tion y = f(x) should be determined. The most commonly used technique for
that purpose is the Newton-Raphson iteration algorithm, given as follows:

f(xi)
141 T %1 T TG N

where i 1is the iteration index and f'{(x) 1is the first derivative, The
method is very efficient and converges rapidly.

Fixed-point iteration algorithm

76. In certain cases, it is very convenient to use a more simplistic
iteration algorithm such as the fixed-point scheme instead of the Newton-
Raphson technique. A graphical description of that scheme is presented as

Figure 16,

f(x)

x = f(x)

>
X

Figure 16. Fixed-point iteration algorithm
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PART IV: COMPUTER MODEL FOR BREACH EROSION OF EARTH-FILL DAMS

77. The Breach Erosion of Earth-~Fill Dams (BEED) computer model is a
mathematical model developed for predicting the hydrograph of a flash flood
due to gradual dam failure, The structure of the model is based on the quan-
titative and qualitative ohvsical nrinecinles Adascribed in Parts IT and 1171.
The solution procedures and algorithms of the model are relatively simple and

can be vsed in both microcomputers and mainframe computer systems.

Physical Description of BEED

78. Before presenting a quantitative description o: che BEED model, it is
important to examine the conceptual framework of the model and ic discuss its
physical reasoning and consistency as well as its applicability and
limitations.

79. The model will be dev~'nned for a homogeneous dam with different but
uniform slopes for the upstream and downstream faces. Physical and geometric
characteristics of the dam and its surroundings should be specified. The
model neglects the triggering mechanism of failure and can simulate the phe-
nomenon only when a small breach has been developed at the crest of the dam.
The size, shape, and location of this initial breach should be provided as
initial conditions. Unfortunately, the selection of such conditions is based
entirely on engineering judgment and not on quantitative information. For
convenience, a rectangular initial breach shape with specified depth-over-
width ratio can be assumed.

80. Once the initial breach has occurred, water from the reservoir starts
flowing through the breach, causing enlargement of the breach and erosion of
the downstream face of the dam. The erosion is restricted to a channel of the
same top width as the breach at the crest of the dam. However, the erosion
processes occurring on the crest and on the downstream face are considered
separately because the water velocities are much higher down the face of the
dam than they are over the crest; consequently, the downstream face erodes
much faster.

8l. Thue enlargement of the top breach follows a similar pattern except in

the case where sloughing due to slope instability occurs. At this point, it
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should be emphasized that the model incorporates only rectangular- or
trapezoidal-shaped breaches.

82. Sloughing effects are considered only for the crest breach; the shape
of the eroded channel on the downstream face is adjusted within the model to
that of the crest. 1If the normal flow conditions at the downstream face
.oquire ciacideratle listance to be developed, the slope should be subdivided
into a number cf reaches so that the erosion in each can be estimated sepa-
rately. This will result in a steeper downstream slope. In most cases, how-
ever, normal flow conditions are established in a very short distance so that
the effect of the S2 water prnfile can be neglected and the erosion of the
downstream face can be assumed a. being uniform.

83. When the flow conditions are submerged (i.e., when tailwater effects
are present), the assumption is made that erosion occurs only on the top
breach and not on the downstream face while breach outflow discharge is
reduced.

84, Another characteristic feature of the program is that when the
upstrenm and downstream slopes of the dam meet at a single point S , a sudden
predetermined mass evosion is coneidered so that a new top horizontal breach
channel of length ls is established. The upstream face siope of the dam
remains unaltered during the failure processes. The pirugram continues the
simulation until either the reservoir is emptied of water or the ¢-m resists

any further erosion.

Solution Algorithm of BEED

85. The BEED model is designed to estimate dam-breach erosion processes
to predict outflow discharge and to route it through the receiving channel.
Because of the implicit form of the governing equations, the solution algo-
rithm is iterative. However, practical experience indicates that convergence
is achieved after few iterations.

86. The first step in the BEED model is definition of the geometric and
physical features of the system. These are given separately for the dam, the
reservoir, and the downstream channel. At the same time, all preliminary com-
putations are executed, while initial conditions are specified.

87. More specifically, dam dimensions are provided along with soil char-

acteristics such as specific weight, particle diameter size, cohesion,
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internal friction angle, and surface roughness. Functional relationships for
the spillway, powerhouse outlets, and the reservoir capacity are also speci-
fied. Description of the downstream receiving channel is given through defi-
nition of shape, size, and roughness of a certain number of reaches, which may
be subdivided into smaller segments by linear interpolation techniques.
Finally, the size and shape of the initial breach as well as the initial
hydraulic head are specified a priori. Having all the required information
available, the model proceeds by estimating reservoir water level, breach bot-
tom elevation, and outflow discharge, which is subsequently routed downstream.
88. The main variables of the problem are reservoir water level H and
breach bottom elevation Z . However, the breach outflow discharge Qb is
used as an additional variable during the iteration processes. For the solu-

tion, Equation 23 is discretized as

H - H
i+1 i} 1
As. (T) =7 U, LT T -0
i+l

_q -q - Q) (58)

and then written as

(59)

i+l 2

where 1 1is reterred to known time t and i+l .is referred to new time
t+4t . In Equation 59, the quantities H and Z are involved implicitlv.

89. The computational steps for estimation of the variables are as

follows:
Step 1. Set H, and 2, equa. to values obtained from the
P i+1 i+1 0
previous time step ~r initial coenditions (7 denotes uncor-

rected value).

Step 2. Compute outtlow discharge from Equations 24 ard 25

- Qi+l
( denotes estimated value).

Step 3. Check for tailwater effects and, if needed, correct Qi+1 ,

according to Equation 27.
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Step 4. Compute sediment transport and rate of erosion from

Equations 32, 34, 35, and 39. Then estimate 7i+l (~

denotes corrected value).

Step 5. If \Zi+l - Zi+ll is very small, proceed to the next stern.
. - - 7 2
Otherwise, set Zi+l Zi+1 and return to step 2.
Step 6. Compute ﬁi+l from Equation 59.

-~

Step 7. If }Hi+l - Hi+l‘ is not very small, proceed to the next
step. If it is tne first iteration, go to step © or return
to step 2,
. H, . = H heck i £f d r
Step 8 Set Hi+l i+l ? check for tailwater effects, and return
to step 6.

Step 9. Check for slope stability using Equation 43.
Step 10. Adjust dam-breach dimensions.
Step 11. Compute total outflouw discharge.

Step 12. If hydraulic head h = H - Z 1is zero, proceed to the next
step; otherwise, return to step 1.

step 13. Estimate the Muskingum-Cunge ccefficients from Equations
50-54.

Step l4. Route the flood according to Equation 49,
90. The solution algorithm of the BEED model is represented in flowchart
form in Figure 17. The effects of nonuniform flow over the downstream face of
the dam were neglected since normal flow conditions were attained in a very

short distance due to high slopes.
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PART V: ANALYTICAL SOLUTIONS OF GRADUAL DAM EROSION

91. A better insight of the physical processes and the significance of
the controlling parameters of the gradual failure of a dam can be obtained
through analytical expressions. Unfortunately, the governing equations are
very complicated, so that a general analvtical approach is not possible. The
degree of complexity of the system can be drastically reduced by making proper
simplifying assumptions and by lumping a number of physical parameters into a
form of constant coefficients. In that case, closed-form solutions are feasi-
ble. The analysis in this section is based primarily on the principles pre-
sented in Part ITI.

92. Assuming that the inflow into the reservoir is of a much smaller
orcder of magnitude than the breach outflow discharge and neglecting the spill-

way and powerhouse outflow, the mass continuity relation (Equation 23) becomes

di
AS(H) P (60)

Furthermore, if Ag is independent of H (i.e., prismatic reservoir) and the

outflow is taken as
Q, = uAb (61)

then Equation 60 vields
dH _
AS a—t' = uAb (62)

where Ab can be rectangular, triangular, or trapezoidal. From Equations 24

and 25 it is evident that the water velocity at the breach can be estimated as

E1
u = ul(H - 7) (63)

where " and Pl are proper coefficients. Coabination of Fquations 62 and
h3 gives a single equation with two unknown quantities: the water depth H

within the reservoir and the elevation of the bottom of the breach 7
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Therefore, an additional equation is required for the solution of the problem
that should be obtained from the mechanics of sediment erosion.

93, It is known that the rate of erosion is a function of the bottom
shear stresses or, equivalently, the square of the mean water velocity.

Mathematically, this can be expressed as

u (64)

where a, and B

exponente 81 and 82 » the system of Equations 62 and 64 can be linear or

nonlinear. For completeness of the problem, the initial conditions

, are proper coefficients. Depending on the value of the

H=H and Z =2 at t =1t (65)
o o
should be provided.

Rectangular Breach

94. For rectangular breach of constant width b , the cross section Ab

is given as

Ab = b(H - 2) (66)

This implies that the breach enlarges only in the vertical direction.
LLinear case
95. If the rate of erosion is a linear function of the velocity (82 = 1),

then the whole problem is linear. Combining Equations 62 and 66 yields
A — = -ub(H - ) (67)

Dividing Equation 67 by Equation 62 and rearranging,

b
o, A

Z 83

dH
iz (H - 7) (68)
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and setting h = H - Z , then dH/dZ = dh/dZ + 1 . Therefore,

dH_ b
dz azAs

h -1 (69)

Separating the variables and integrating gives

a, A
2's bh
5 1n 0‘—2-12-1 —Z+CI (70)

where C is an integration constant. From the initial conditions (Equa-

I
tion 65), CI is estimated as
a A b(H - Z)
_ 2 o o
CI = 5 In azA - 1] - Zo (71)

z_ -12) (72)

Equation 72 prescribes the elevation of the breach bottom 2 as a function of
the water height H and breach characteristics.

96. It 1s desirable, however, to have 2 as a direct function of time.
Specifying coefficients o, and B as o, =\[g and 8 =1/2 , Equation 64

1 1 1 1
becomes

%% = —az\‘g(H - 2) (73)

Combining FEquations 72 and 73 yields

oA a,A
dz _ } 2's 2's b 1/2
It © —uzg' — + (Ho z, - b> exp A (ZC - 2) % (74)

By separating the varjables, Equation 74 is written as




dZ

-ag dt (75)
Zo -z 1/2
Al + A2 exp - A1
where Al and A2 are given, respectively, as
a,A
Al = 2bs (76)
0LZAS
Ay =H -2 -—% (77)

Referring to page 92 of Gradshteyn and Ruzik (1983), the solucion of

Equation 75 for Al > 0 is

[ Z - Zo 17 1/2
A+ A exp|—— - A
1/2 1 2 \ A1 A 1
A Ind-—= - = -agt + C (78)
1 1/2 1
Z - Zo 1/2
A1 + A2 exp N + A1
i 1
where
(A + oA )1/2 _ A1/2
. 1/2 1 2 1
C;=A In 172 172 (79)
(Al + A2> + Ay

The final solution can be obtained from Equations 76-79. TIndeed, after some

algebraic calculations, Z(t) 1is given as

oLZAS OLZAs ‘ ot?.As
Z(t) = + 5 In b(H — ) — azAs l— 1 + \/HO - ZO + T
gazb ¢ 7+ JOl2As
V' A o ‘o \j b
——— OLZAS gazb )2
- \/Ho - ],O - o exp |- Aq t $ (80)




Equation 80 specifies the progression of breaching in time.

97. Commenting on the assumptions made for the derivation of Equation 80,
the one that deviates mostly from reality is 82 =1 ., From experimental
results, that exponent ranges from 4 to 6 (Laursen 1956). Numerically, this
can be partially corrected by adjustment of the coefficient @y - Another
critical point is the assumption of constant width b , which is very unlikely
to occur in the case of a iarge dam.

Nonlinear case

98, In this case, 82 #1, i.e., erosion is a nonlinear function of the

velocity. Dividing Equation 62 by Equation 64,

1-8
aH % 2
EE = <u ) (81)

0L2As

Combining Equation 81 with Equations 63 and 66,

1-g 1+8 (1—82)

dH b 2 1
@ oaAa Y H-D (82)
2's
Setting
1—62
bal
A3 T oA (83)
2's
and
A4 =1+ 81(1 - 82) (84)
Equation 82 reduces to
A
dH _ 4
i A3(H Z) (85)
Equation 85 can be transformed to
-(1/4)) A
A, WLy (86)

3 dz
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1/a
where W = (H - Z)A3

Equation 86 yields

The left-hand side of Equation 87 is the Bakhmeteff function.

99, A closed-form solution is feasible if the coefficient A

4

erly defined. Assuming B, = 2, oy =\ﬁ; , and Bl =1/2 , then

and

so that Equation 87 becomes

dw 2
— = A7 +C
—/1~w1/2 3 I

By setting W. = w2 , Equation 90 can be easily integrated to give

1
A3 2
w1=ln<l-wl_>=TZ+CI
or by inserting the transformations back,
————bvz—v}‘{—z+ln1———-b—l7—2—vH—Z
azAsg azAsg

Separation of the variables and integration of

(87)

is prop-

(88)

(89)

(90)

(91)




From the initial conditions (Equation 65), the integraiion constant CI can

be estimated as

Z0 b 2
- = (93)
2g <a2As>

Substitution of the integration constant into Equation 92 gives

b
1/2

1/2
1 - aZASg (H - 2)

o b 1/2
*)hs8 b - 777 By = %)
a,A g
L 2's J
(94)
2
1 b )
= — (z - 2)
2g <a2ASV o

Equation 94 describes breach erosion in terms of the hydraulic head H - Z .
100. To establish the variable Z as an explicit function of time, an

expression for the quantity H - Z should be derived. For that purpose,

Equation 64 is subtracted from Equation 62 while both Equations 63 and 66 are

used,

ba 1+B B B,B
d(H - Z) _ 1 1 2 172
3t = AS (H - 2) + e,y (H - 2) (95)
Specifying the variables a4y s 81 , and 82 as before,
d(H -Z) b 3/2
- —AS\/E (- 227"+ aygi - 2) (96)

Separating the variables and setting
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%)A,8
then Equation 96 becomes
aw ga
2 2
= dt (97)
wz(l wz) 2
or
go
1 1 - _ 2
(F—l- - w—2>dW2 = 7 dt (98)

Integration of Equation 98, determination of the integration constant, and

substitution of the original variables provides

v —
o‘2As g(Ho Zo)

@,8 (99)
VA -2 -|bv/H -2 - oA Vg)exp |- =t

o ) o o 2's 2
Having the e: »e«ssion for the hyAraulic head (Equation 99), the progression of
the breaching can be directly estimated from Equation 94. The nonlinear case
is an improvement of the linear one because it approximates the rate of

erosion with a quadratic velocity function.

Triangular Breach

101. For triangular breach geometry, the cross-sectional area Ab is

given as

- s(H - 2)° (100)
Ay

where s 1s the side slope (1V:sH). The assumption of constant side slope

implies that the breach will enlarge in a similarity pattern.
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Linear case

102. Again, fcr the linear case, 82 = 1 ., Combining Equations 62 and 100

and dividing by Equation 64 yields

dH s 2
=5 = (H - Z) (101)
dZ azA2
Equation 101 can be rewritten as
d(H - Z) _ s _ 2 ”
iz + 1= azAs (R - Z) (102)

Setting h = H - Z 1in tquation 100, separating the variables, and using

partial fractions gives

= -2 dz (103)

After integration, Equation 103 reade

(104)

[ L \ 172 1
1+ KazAs> h s 1/2
1n _ )1/2 = -2< ) 7z + CI
1 - h
i (aZAs

Estimating the integration constant C

from the initial conditions and sub-

I
stituting back to Equation 104 gives (after some algebraic manipulatinns),
s 1/2
<a A > -2 (105)
2's

s 1/2 s 1/2 s 1/2
-1 + (u A (Ho - Zo) + |1 + (u A)A (HO - Zo) exp |2 A (Z0 - 2)
- 2's 28 } 2
s 1/2 s 172 ] )
1 - <;2AS) (Ho - Zo) + (1 + <°2A5) (HO - ZO) exp 2<;1ZAS

w
~—— |
[
~
~
~~
™
o}
1
~N
—_—
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103, Equation 105 describes the changes of hydraulic head in terms of

breach bottom elevation Z , Therefore, the function Z = Z(t) must be

determined. Equations 62, 63, and 64 can be combined to give

di  dz _ s 1/2 2.5 1/2 1/2
i AS g “(H-2) + o (H - 2) (106)
Setting h = H - Z and separating the variables in Equation 106 gives
dh = -q gl/2 dt (107)
1/2/ s 2 2
h/ o2 nt - 1>
a,A
2"s
Referring to page 72 of Gradshteyn and Ryzhik (1983), the integral of
Equation 107 is
A1/4 _ h1/2 1/2
1n > 2 tan
1/4 1/2 1/4
AS + h A 1/2
2 = —ag’t+C (108)
s 3/4 2 I
2 a,A AS
Z's
where A5 is given as
azA
A = 5 (109)
5 S
By determining the integration constant CI , Equation 108 yields
w A 1/4
2
( 2 s> C w2 s 314 114
s -1 (H - 2) _ 2 1/2
1n - 2 tan A——t—— = -2 ——— t
1/4 1/4 1/4
[ %22 1/2 %8s A
\s) - :
1/4
a,A 9
(kZ s> B (Ho _ Zo)1/2 y (HO _ ZO)1/;
+ 1n 22 - 2 tan  —————— (110)
1/4 : 1/2
uzA 1/2 ash
s + (H +72) =
s ) o s
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Equations 105 and 109 can be combined to determine the erosion rate of breach

bottom or the depletion of reservoir water.

Nonlinear case

104. For the nonlinear case, the erosion exponent will be taken as
82 = 2 , and the discharge exponent as 81 = 1/2 . Then, dividing Equation 62
by Equation 64,

M - 7yt (111)

Setting h = H - Z and separating the variables in Equation 111 gives

dn - 4z (112)
s 3/2
-1 + 172 h
a2As
Equation 112 can be easily transformed to
2/3
L f%- dz (113)
1 -Ww
where
NN
and
s
_ € (114)
2
b = 7 N

2's

Referring to page 64 of Gradshteyn and Ryzhik (1983), Equation 113 is inte-

grated as




1 1 W)z 1 1/2W + 1 A§/3
- 6 1n - 5 - 1772 tan_ (—l—/—z——> = - — Z + CI (115)
1+ W+ W 3 -
or
1/3,.1/2 1/3,1/2
O R0 N P G
6 " 1/3.1/2 273 1/2 172

1+ Ab h + Ab h 3 3

Z+C, (116)
L

Determining the integration constant CI from initial conditions, the

hydraulic head is specified as a function of Z as

Fl . Aé/3h1/2 N A§/3h s (ZA%/Bhl/Z .
> | - 2(3 ) tan ———-——T7§--—
1/3.1/2 / \ 3

(1 -4a'h )

In

1/3.1/2 | ,2/3
1+ h + h
=P 2 -2 + 1n T % Mo
° (- A1/3h1/2)2
b

1/2

- 2(31/3) (2Ab,41/,-~—— (117)

105. To determine the variable 7 explicitly, another equation is

required. For this purpose, Equation 62 is subtracted from Fquation 61:

1/2
dH dz sg ' 0y 245 .
L T - T -~ 7) o -7
It It Ag (H Z) Y:g(H 7) {118)
v separating the variables, Equation 118 can ke written as
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dh

= a,g dt (119)
h(l - a n/% -
s
Setting W = Aé/Bhl/2 , Equation 119 is transformed to
. a,g
— - (120)
W(l ~ W)

Referring to page 61 of Gradshteyn and Ryzhik (1983), integration of

Equaticn 120 gives
1 . N
3 In —— = -t + C (121)

Inserting initial conditions and transforming into the original variable

h =H - Z , Equation 121 becomes

Equations 117 and 122 can be used to estimate the variables H = H(t) and

7 = 72(t)

Trapezoidal Breach

106. For trapezoidal breach, the cross-sectional area is defined as

gl

Ab = b(H - 2) + s(H - 2)° (123
where b is the bottom width. During computations, the bottom width is
assumed as constant.

[.inear case

107, Dividing Equation 62 by ! ~n 64 and using Fquation 123 vields




di 1 2
F AT [b(H-2) + s(H - 7)"] (124)
2's
Setting h = H - Z and separating the variables, Equation 124 becomes
dh -1 (125)
-a,A + bh + sh2 OLZAS
2's

Referring to page 68 of Gradshteyn and Ryzhik (1983), the integral of

Equation 125 is

2 . 1/2
(b™ + 4aZSAS) - (b + 2sh) 1
1n — = Z+ C (126)
(bL + 4025AS)1/2 oA 1

1

/
b2 + AazsAl/z

+ (b + 2sh) 2"s

Defining the integration constant and inserting in Equation 126 results, after

some algebraic manipulations, in the following:

1/2 r

. 1/2
7s(H - Z) -b “bz + 4a_sA > + b+ 2s(H - 2)
27 s o] o)

]
" e
/’\
o

[a]
+
£~
2
8%
n
>

1/2 ) 1/2 ?
+ b | exp [{b" + 4u_sA > <Z - 72 [a A )
s Z7s o 2's 5

-t

’(bz + 4o

I .

b - 25<H - 7 ) exp <b2 + 4a, A > <2 - 7 /Q)A )JQ. (127)
e} [¢) 2 8 o/ s/ ‘

108. The sccond equation required for determination ¢f variables I and

. \1/2
+ b+ 2s(H_-2) + <b +4&,)SA>
O o} L4 5

Z can be obtained again by subtracting Equation 64 from Equation 62.

dH dz 1 1/2 -
de ~df T T A R T -0+ - )
dc ~ dt g lg(l = 7)1 7 Ib(H = 2) + s(H - 7))

bl -t (12%)




Writing Equation 128 in terms of the hydraulic head and separating the vari-

ables yields

1/2

17: = == - E—at
h™'“(-a,A_+ bh + sh®) s
2's
1/2
By setting W = h , Equation 129 transforms to
aw . g1/2
N
(-—azAS + bW~ + sW) s

Referring to pagev67 of Gradshteyn and Ryzhik (1983), integration of

Equation 130 gives

dw W
(v 8
( A + sW A, + sW 1/2
7 g

8 _ .
; 72 YL |
(b + 4o, 8A > s
27 s
where
1/2
b 1 2
A7—§——2—<b +l+qzsAs)
and
1/2
b, 1(,2
A8 =5 +-§< b™ + qusAS )

109, Fquation 131 can be further simplified as

6o

(129)

(130)

(131)

(132)

(133)




1/2
s 1 . A7 + 1W4§ﬁ7s)
(Ag = 479) 1o:1a s)l/i A, - 1w (As)/?
. 7 7
1/2
- L tanlwEV P - s B v e (139
A o\172 Ag 2A 1
R s
where 1 is the imaginary number. Transforming back to h and inserting the

value of CI

results in

according to initial conditions, after

tions,

b2 +

Njo?

3
(e

, /
(bZ + 4azsAs)l : + i} s(H - Z)[

o
N —

2 1/2
(b + 4&25A8> - i 's(H - 2)

N

/2

N

b 1 2 b
+ 1n <-2- -5 <b + QO.ZSAS) + i IS(HO - ZO) {5
1/2
b_L(y? ) e 1
5 5 b” + AazsAs 1's(H Zo)l:2 5

67

b™ + éazsAS

some algebraic calcula-

>1/2]
1/2

AQZSAS)

11/2
t

'1/2

i

QazsAs

1/27) 12
)
/2

1
iy

(135a)




110, If we let b _ = % - % (b2 + 4&25A )1/2 , and b1 = % + i
2 1/2 ° 2
(b™ + &azsAs) » Equation 135 can be simply put as
bO + i [%(H - Z)bo:!l/2 (h0>1/2 _,rs(u -7) 1/2
1n - 2i tan ‘|———=
bo- i [s(H-Z)bT/Z (v 72 ‘,b1
o o 1
1/2

b +i[s(H —Z)b]
= -it Q(b)(b %t bosa ) /2y 10 )2 —
s Vo s b-—i[s(H—Z)b] S
o] o] o] [¢]
1/2 1/2
- 24 (bo>1/ tan_l [E(Ho - Zo)}
2 b
o l

The system of Equations 127 and 135 determines the two unknown variables H
and Z .

(135b)

Nonlinear case

111, The nonlinear case of trapezoidal breach cannot be solved analyt-

ically even for simple specialized coefficients.
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PART VI: APPLICATION AND RESULTS

112, The performance of the BEED model was tested for two historical dam-
failure cases: the man-made earth-fill Teton Dam in Idaho, USA, and the
Huaccoto natural dam on a tributary of the Mantaro River in Peru. The input

parameters for both cases were taken from existing data.

Simulation of Teton Dam Failure

113. Teton Dam, a 93-m-high earth-fill structure, experienced failure on
5 June 1976. On 3 June 1976, leakage was detected at the toe of the dam. By
early morning on 5 June a large leak caused by piping occurred 40 m below the
crest near the right abutment, and by noon of that day the crest of the dam
was breached. The water in the reservoir was almost at full capacity (3.1 X
lO3 m3), and the total mass of water was released in approximately 4 hr, pro-
ducing a maximum outflow discharge of 6.6 X lO4 m3/sec. At peak flow, the
breach was estimated as trapezoidal with 150-m top width and slopes 1V:0.5H.
This failure event caused $70 million in property damage and loss of six human
lives.

114, The dam had a 915-m-long crest and was composed of mixtures of clay,
silt, sand, and rock fragments obtained from excavations and borrow areas of
the Teton River canyon area. The geomatric characteristics of the dam are
given in Figure 18. The reservoir capacity and the spillway and powerhouse-
outlet discharge curves are defined in Figure 19. Figure 20 shows a map of
the flooded area, which extended approximately 103 km downstream to near the
Shelley gaging station on the Snake River. The geometric and physical charac-
teristics of various sections of the flooded area are defined in Table 3 (Ray
and Kjelstrom 1978).

Model calibration

115, The BEED model simulation was started after an initial trapezoidal

breach with sides 1V:0.25H deveioped at the crest of the dam. The slopes of
the dam were taken as 1V:3.08H and 1V:2,55H for the upstream and downstream
faces, respectively. The initial hydraulic head was taken equal to 1 m of
water flowing from the trapezoidal breach, where the ratio of bottom width to

water depth was 0.5. The median soil particle diameter was taken as 3 mm, the
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Figure 18. Geometric characteristics of Teton Dam
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Table 3

Geometric and Physical Characteristics of

Cross Sections of the Flooded Area Between

Teton Dam and Shelley Gage on the Snake River

Distance from N Manning's

Station Teton Dam Width Slope Coefficient

Number* km _ m 7 of Friction
1 0 300 0.0025 0.032
2 7.24 470 0.0018 0.035
3 10.46 4,400 0.0012 0.032
4 14.40 4,600 0.0027 0.030
5 26.39 10,200 0.0042 0.037
6 326,36 5,200 0.00032 0.042
7 52.45 5,200 0.00076 0.040
8 62.59 3,900 0.0014 U.037
9 71.76 1,300 0.0014 0.035
10 75.95 260 0.0014 0.033
11 90.75 140 0.0014 0.040
12 97.83 200 0.0014 0.035
13 103.30 170 0.0014 0.036

Source: Ray and Kjelstrom 1978, Station locations are shown in Figure 20,

porosity as 0.2, and the specific weight of soil as 2.5 tons (2.3 metric
tons)/m3. Other soil characteris:.ics were assumed as follows: cohesion
strength 49,000 N/mz; angle of internal friction, 40 deg; and Chezy's coef-
ticient of roughness, 50 ml/é/sec (Ray and Kjelstrom 1978). The relation for
the Einstein-Brown bed~load tranmsport function for values of 1/Y higher than
7 was taken as

1.2

b = 139.3(%) (136)

The coefficient and the exponent in Equation 136 were obtained by trial and

error, since there are no laboratorv or field data in that range of high shear

~1
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stresses. All data required for flood roucing were taken from Table 3. The

assumed inflow hydrograph Io = IO(t) is shown in the following tabulation.

Time Discharge
hr m>/sec
0 28.32
0.5 84.96
1 158.59
2 212.40
3 192.58
4 130.27
6 67.%7
8 42,48

10 28.32

27.5 28.32

Simulation results

116. The computed outflow (Figure 21) indicates that the timing. shape,
and magnitude of the estimated outflow hydrogrz,%: _ompare quite well with the
observed values. The higher peak outflow, total volume, and delayed falling
limb of the simulated hydrograph may be attributed to the fact that the
program continued the simulation until erosion reached the bottom of the dam,
while in reality, the breach bottom terminal elevation was about 14 m above
ground level. At peak outflow discharge, the simulated breach was
trapezoidal, with a top width of 161 m and side slopes of 1V:0.675H. This
breach is very similar to the field data breach reported as having a 152.4-m
top width and side slopes of 1V:0.5H. After the peak flow, however, the model
estimated a total width of 295 m, much higher than a recorded width of
approximately 200 m.

117. Routing of the predicted outflow discharge produced a hydrograph for
station 13 near Shelley that was sharper and much higher than the one recorded
(Figure 22). The discrepancy can be attributed to the fact that the BEED
model used the values of slope and friction that were given for the flood
channel, and not its adjacent floodplain, which presumably had less slope and
higher friction. Another possible reason for the inaccuracy is the steepness
of the breach outflow discharge, which acted like a shock wave. Improvement

can be obtained either by using a more accurate routing approach, such as the
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Figure 21. Outflow discharge resulting from failure of Teton Dam
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Figure 22, Outflow discharge hydrograph at Shelley station

St. Venant system of equations, or extending the Muskingum method to incorpo-
rate two-dimensional flow behavior.

118. To evaluate the dependence of the system on the various phvsical
parameters, a sensitivity analysis was conducted by changing the input

parameters within certain ranges. The basic characteristics were as

follows:
Ch = 50 ml/z/sec ¢ = 40 deg
DSO = 3 mm p = 0.2
C = 49,000 N/m tan 0 = 0.25
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The relative difference in discharge (RDD) is defined as

Q. - Q
RDD = — X B, 100 (137)

1 \
§<Qx * Qb)

where QX is the computed outflow discharge and Qb is the basic outflow
discharge and both were computed as presented in Table 4.

119. Table 4 offers evidence that the peak outflow discharge is insensi-
tive to most physical parameters except the angle of internal friction. The
time of occurrence of peak discharge increases with increasing Chezy's coeffi-
cient of friction. The opposite is true for the median particle diameter,
cohesion, internal friction, and porosity. The side slope of breach at the
time of peak discharge is larger for low values of cohesion, internal fric-
tion, and/or porosity. In general, within a certain deeree of accuracy, the
model can be considered as insensitive to variation of those physical
parameters.,

120. Special attention should be given to the determination of the ratio
between breach bottom width and hydraulic head and to the expression for the
Einstein-Brown formula. Unfortunately, the data are insufficient to define

these characteristics accurately, and a trial-and-error procedure is required.

Simulation of Failure of Huaccoto Dam

121, On April 25, 1974, a landslide that occurred in Cochacay Creek, a
tributary of the Mantaro River in Peru, created the Huaccotc natural dam. The
landslide material consisted mostly of silty sand and clay with D50 of about
11 mm, but there was also material in size up tc 1 m. The embankment was
170 m in height, and its lateral base length was 3,803 m. The geometric
characteristics of Huaccoto Dam are represented in Figure 23. The dam created
an artificial lake with a maximum capacity of 8.87 x 10 m3. The reservoir
capacity curve is given as Figure 24,

122. Huaccoto Dam failed from overtopping. During the period 6-8 .June
1974, the overtopping flow created a channel along the downstream face of the

dam and, in the next 6 to 10 hr, a rapid increase in erosion resulted in

76




Table 4

Results of Sensitivity Analysis for Teton Dam

Parameter Value
Chezy's coefficient 30 40 50 60 70
of friction, ml/z/sec
RDD 5.10 1.00 0 3.60 3.09
Time of peak outflow 0.74 1.00 1.26 1.49 1.73
discharge, hr
Breach side slopes 0.675 0.675 0.675 0.675 0.675
at peak discharge,
IV:sH
Median particle 1 3 5
diameter, mm
RDD 1.39 0 -1.17
Time cf pcak outflow 1.94 1.26 1.15
discharge, hr
Breach side slopes 0.67> U.u7d U.6/5
at peak discharge
Cohesion in N/m’ 30,000 40,000 49,000
RDD 0.48 5.55 0
Time of peak outflow 1.42 1.26 1.26
discharge, hr
Breach side 3slopes 0.811 0.675 0.675
at peak dis.harge
Soil internal friction 30 40
angle, deg
RDD 18.99 0
Time of peak outflow 1.42 1.26
discharge, hr
Breach side slopes 0.811 0.675
at peak discharge
Porosity 0.2 0.3 0.5
RDD 0 0.33 ~-5.18
Time of peak outflow 1.26 1.04 0.73
discharge, hr
Breach side slopes 0.679 0.675 0.550
at peak discharge
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a final trapezoidal breach of 107-m depth, 200- to 230-m top width, and side
slopes of about 1V:1H. The peak vutflow discharge was reported to be from 1.0
lO4 to 1.80 x lO4 m3/sec.

Model calibration

123, The BEED model started the simulation after an initial trapezoidal
breach with sides 1V:0.25H develonped at the crest of the dam. The slopes of
the dam were taken as 1V:17.56H zad 1V:12.49H for upstream and downstream
faces, respectively. The initial hvdraulic head was taken equal to 1 m of
water, The ratio of bottom width over hydraulic he:-d was 0.4. The median
pariicle size was taken as 15 mm, the porosity as 0.4, and the specific weight
of soil as 2.5 tons (2.3 metric tons)/mB. Other e0il characteristics were
assumed as follows: cohesion strength, 40,000 N/mz; angle of internal fric-
tion, %0 deg; and Chezv's coeffiicient ~f friction, 50 ml/z/sec (Ponce 1982,
Freau 1984). 1he Einstein-Brown bed-load function for values of 1/%+ higher
than 72 was taken as consitant and equal to 360. The inflow hydrograrh was con-
sidered to be very small and thus was neglented.

Simulation results

124, The computed outflow presented in Fipure 25 shows that the shape,
timing, and magnitude of the computer byd.oograpb resembied fairlv well the one
observed. Here it should be noted th-* higher simulated discharge in this
case does not constitute inaccuracy for the model because there are conflict-
ing reports of the actual peux discharge ranging from 10,000 to 18,000 m3/sec
witihn a more likely value of 13,500 m3/sec. At the time of peak outflow dis-
charge, the preach had a tep width of 167 m an’ s3ide slopes of 1V:1.378H,
[hose vesulss are very close to field reports that give « top breach width of
198 m and side slopes of tviiH, The teyminal breach obtained by the simula-
tion wis &y m e :p and had a boltom width of 14,61 m, The side slopes were
.

IVeloo7h, indicating that mass 1ailures of the breach side slopes occurred

tellowing poak discharge,
175, Surine o libration of the BFED model tor the Huaccoto Dam, it wais
doted thas the Ped-load Tunction used for leten Dam (BEquation 36 was ot

apploc-hle, as o0 was giving very high erosion rates and cobsequent I hinh

nttlow discharges. The effects o the various selecten tuncticons on the

poitde and tioingy cr outtlow i chiirye are presented D tae tel Towing

-

Tl lat der,
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Function a 154,55 160.00 171.48 211.12 226,27 320.00
B -
{1y 1 B 1.05 1.00 0.9 0.6 0.5 0
- f(w) - o(g)

Peak outflow

. 81,000 78,015 73,077 68,021 54,861 16,700
discharge, m /sec

Time of peak outflow

2 2
discharge, hr 19.34 19.56 19.99 21.85 22.80 27.30

The sensitivity of the model to the bed-load discharge formula is an indica-
tion of the need for basic research on erosion processes under high shear
stresses.

Analvtical results

126. The uncertainty associated with the lumped erosivity coefficient a,
in the analytical solutions and the assumption of a constant water surface AS
make the calibration of those solutions very difficult. Comparing these solu-
tions with the governing equations of the BEED model, it is evident that the

coefficient is a function of surface roughness, cohesion, angle of inter-

“2
nal friction, porosity, specific gravity, and water viscosity.

[27. To investigate the benhavior of analytical solutions, a limited number
of tests were conducted for the nonlinear case of the rectangular breach. For
thease tests, a hypothetical dam of the following characteristics was assumed:
initial height of dam, 1 m; initial breach bottom elevaticn, 0.90 m; brearh
width, 0.2 m; water surface area, 1,000 mz; and erosivity coefficient equal to
(0,001 and 0,01 for the first and second cases, respectively. 1In the first
case, after 100 sec the breach bottom elevation was 0,975 m and the hvdraulic
head was 0.026 m,  In the second case, after 48 sec, the dam had eraded Cum-
pletelv and the hvdraulic head receded by a maximum of 0.87 .

128, Changing the water surface area rrom 1,000 to 100 m, setting the

breach width equal tao 0,1 m, as~uming an initial btreach bottom elevation of

0.9% m, cad trving the same problem tor a, = O0b and D.00 0 complete erosion
woe achieyed in B ondn din o the tirst cae, while it took 60 min in the second
U, chee peak evdraalice head was 0,89 9 tor o= oy and D.8T 1or




129. Those few results stress the fact that, before attempting to use the
analytical solutions, both the erosivity coefficient a, and the water sur-
face area should Lz properly calibrated and defined. An interesting result
from the analytical solutions is that peak outflow discharge is obtained at
the time the breach reached its terminal depth. This is in agreement with

results from the BEED model.




PART VII: CONCLUSIONS AND RECOMMENDATIONS

130. The conclusions obtained from this study can be summarized as
follows:

a. With consideration of both surface erosion and sloughing of the
breach sides due to instability, the BEED model satisfactorily
simulates the processes of gradual erosion of earth-fill dams.

b. The accuracy of the BEED model is comparable to the accuracy of
other existing models, but the physical basis of the governing
processes is improved.

c. The model is not very sensitive to the variations of the rough-
ness coefficient, the median particle diameter porousity, and soil
cohesion, For changes within reasonable ranges of values, the
model produced a relative error in peak outflow discharge of less
than 5 percent.

d. The internal angle of friction of the soil is important for
estimation of peak outflow discharge.

e. Low values of porosity, internal friction, and/or porosity result
in a wider terminal breach.

f. The ratio of bottom breach width over hydraulic head performed
well for values of 0.5 and 0.4 for Teton Dam and Huaccoto Dam,
respectively. However, there is no evidence that the same values
can be applicable for other cases,

g. The Einstein-Brown formula for values of the dimensionless shear
stress (1/Y) greater than 2 is difficult to estimate a priori,
and a trial-and-error process is required. The results are
sensitive to the selection of this function.

h. The peak outflow discharge is obtained when the breach reaches
its terminal bottom elevation.

i. Sloughing of breach sides may occur even after the occurrence of
peak outflow discharge.

J- The routing part of the BEED model overestimates the discharge
hydrograph ..¢ downstream stations. This may be attributed to the
fact that the breach outflow hydrograph is very steep and acts
like a shock wave, Also, two-dimensional effects of flow over
the floodplain might contribute to the discrepancies.

131. Based on the experience gained from this study, the following recom-
mendations for further study are given,

a. Fkxtension of the BEED model to include options of other sediment
transport theories, such as Schoklitsch, Mever-Peter and Mueller,
and the Bagnold power method.

b. Application of the BEED model to as manv historical cases as pos-
sible for estimation of the range of phvsical parameters, and
determination of the optimum technique tor sediment transport
processes,

873
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Calibration of the analytical solutions according to data
obtained from simulation of the BEED model.

Extension of the routing part of the BEED model to incorporate
two-dimensional flow along the floodplain.

Extension of the BEED model by coupling flood routing with
sediment routing along the downstream channel,
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APPENDIX A: USER'S MANUAL FOR BEED-I MODEL

1. The BEED model has two versions: BEED-I is written in FORTRAN 77
language and is intended for use in mainframe computer facilities, while
BEED-II is written in ZBASIC and is suitable for Zenith 2100 microcomputers.
Both versions contain the same computational elements, and their objective is
the same. However, version II may impose memory storage limitations, while
its efficiency measured in CPU time is 30 to 60 times less than version T.

z. The preogram consists of the MAIN program ard six subroutines:

a. MAIN program includes the iterative algorithm for estimation of
water surface level H2 and breach bottom elevation DZTl. It also

contains computations of the discharge QTT at the various dcwn

stream channel cross sections during flood-routing processes.

b. Subroutine COVOL computes changes in reservoir water volume
capacity.

c. Subroutine COQSOI estimates spillway outflow, powerhouse outlet
outflow, and inflow discharge.

d. Subroutine COQBV estimates bed-load sediment transport in volume
per unit width and unit time, using the Einstein-~-Brown formula.

e. Subroutine COY2YT calculates water depth at the taiiwater section
by using the Newton-Raphson or a fixed-point iteration algorithm.

f. Subroutine CUOQB2 estimates reduced discharge cocfficients for
consideration of submerged flow conditions.

g. Subroutine COATW caiculates cross-sectional area and top width of
flood channel computational segments.

Ingut Data

3. Input characteristics in both versions are the same. f course, the
FORMAT statements of BEED-I do not apply to BEED-II. For consistency, how-
ever, it is suggested that the same format structure be used for both
versions. Input data are divided into groups. FEach group contains certain

variables, as described below,

a. Group 1,
(1) Physical characteristics and properties of dam.

CH, DS, <®, P, NIU, PHI, COH - Format (4F8.4, F11.7, 2F10.,2)
CH:  Chezy's coefficient of friction tor the breach in

1/2

m sec

Al




DS: representative value of dam material diameter (usually
DSO) in meters

SR: relative specific weight of dam material (vs/y)
P: soil porosity
NIV: kinematic viscosity of water in m2/sec
PHI: angle of internal friction of dam material in degrees
COH: cohesion of dam material in N/m2
(2) Geometric characteristics of dam.
LB, LT, LC, HTD, HB - Format (5F10.3)
LB: longitudinal length of the base of dam in meters

LT: horizontal projection of upstream slope of dam in
meters

LC: 1longitudinal length of dam crest in meters
HTD: Leight of dam crest in meters
HB: elevatiou of dam bottom in meters
(3) 1Initial conditions of dam-breach computations.
H1T, Z1T, Z2MIN, DTB - Format (4F10.3)
HIT: 1initial water level in the reserveoir in meters
Z1T: 1initial elevation of breach bottom in meters

Z2MIN: minimum permissible breach botrom elevation (usually
Z2MIN = HB) in meters

DTB: basic time step for breach erosion computations in
seconds

(4) Breach erosion characteristics.
LIMIN, SEC, EXPO, X, 2T - Format (5F10.3)

LIMIN: minimum longitudinal horizontal length of breach bottom
at the top of dam in meters

SEC: coefficient of sediment transport function (i.e., ¢ =
£XPO
sec(1/¥) XP
EXPO: exponent of sediment transport functicen

X: 1initial ratio of breach bottom width to initial
hydraulic head

ZT: 1nitial side slope of breach section
(5) Choice of iterative algorithm.

NOF1 - Format (12)




o

NOFl: 1If NOFl = 0 , -he Newton-Raphson algorithm is used for
computation of normal depths.

If NOFl = 1 , the fixed-point iteration is used for
computation of normal depths.

Group 2.

(1) Computational time characteristics.
TSIM, DTR -~ Format (2F11.7)
TSIM: time of simulation in hours
DTR: time interval for flood routing in hours
(2) Computational distance characteristics.
PXMIN - Format (F10.3)
DXMIN: maximum permissible channel reach distance in meters

Note: 1If distance between two consecutive stations is
greater than DXMIN, the program generates
intermediate sections until that condition is
satisfied.

(3) Flood channel geometric and physical characteristics.
BV(T), ZV(I), CHV(I), NMV(I), SV(1), DIST(I), PRT(l) -
Format (3F10,2, 2F10.5, F10.2, F4.1)

Note: This card is repeated until all sections are input.
The last card may say 9999.0 for BV(I) and 0.0 for
the rest. The first section is used for the
tailwater-effects check immediately downstream of the
dam.

BV(T): charniel bottom width at section (I) in meters

ZV(1): channel side slope at section (I) in m/m (the channel
is assumed svmmetrical)

CHV(T): Chezy's coefficient of friction at section (1) in

N
ml/h/sec

NMV(1): Manning's coefficient of friction at section (1)

Note: Only one coefficient of friction can be specified.
The other must be set equal to 0.0. All sections
must have the same coefficient of friction.

SV(1): channel slope at section (1) in m/m
DIST(T): distance from dam to section (1) along tue channel in
meters
PRT(1): parameter to specify whether hydrograph at section
(1) will be printed; if ves, PRT(1) = I: if not,
PRT(1) = 0.0
A3




(4) Flood channel initial conditions.
QTTLS -~ Format (F10.2)

QTTLS: agsumed initial discharge at the last section in
m”~/sec

Note: Initial discharges at the rest of sections are
defined by interpolation between initial total
discharge from dam HYD(1l) and QTTLS.

c. Group 3.
(1) Reservoir characteristics.
HVL(I), VOL(I) - Format (F10.2, F15.2

HVL(T): reservoir water level associated with stored water
volume ir meters

VOL(I): volume of stored water when reservoir water level is
HVL(I) in m

Note: Maximum number of data, including last card, is 20.

T last cacd must say 9999.0 for HVL(I) and 010 for
VOL(I). First card must correspond to dam bottom
elevation,

(2) Spillway characteristics.
HSP(I), QSP(I) - Format (2F10.2)

HSP(1): water elevation associated with spillway outflow
discharge in meters

QSP{I): spillway dischavge at water clevation HSP(T) in

m3/sec

Note: Same comments as in (1l).

{3) Powerhouse outlet characteristics.
HOV (1), QOV(T} - Format (2F10.2)

HOV(I): water elevation associated with outlet discharge in

meters
. . 3
QOV(I): outlet discharge at water elevation HOV(I) in © /sec
Note: GSame comments as in (1).

(4) Inflow hydrograph characteristics.

TIE(1), INF(1) - Format (2F10.2)

TIF(I): time associated with inflow discharge in meters
- ) 3,
INF(I): inflow dischare¢e at time TIF(I1) in m"/sec
Note: Maximum number of data, including last card, is 20,
lLast card must sav 9999.0 for TIFcD) and 0,0 for
INF(1).

Al




Output Data

4. Output data are outlined below.

a. Part A - ﬁasic Data.

DTB:

DTR:
SEC:
EXPO:
CH:
DS:
PHI:
COH:
ZT:

H1T:
Z1T:
DXMIN:

basic time step for breach erosion computation in
seconds
time interval {or flood ruvuting in hours
sediment transport equation coefficient
sediment transport equation exponent

A
Chezy's friction coefficient for the dam in ml/”/sec
dam material particle diameter in meters
internal friction angle of dam material in degrees
cohesive strength of dam material in N/mz
initial side slope of breach section in m/m

initial ratio breach bottom width over initial
hydraulic head

initial reservoir water elevation
initial breach bottom elevaticn

maximum distance for routing sections

b. Part B - Breach Erosion S{ﬂy}ftjon.

TT:
QB2:
H2(REL) :
42 (REL) :

time in hours

R
breach outflow discharge in m /sec
ratio (H?-HB)/(H1T-HR)

ratio (Z2-HB)/(Z1T-HB)

BRHT: breach section depth = HTD-22 in meters
B2: breach bottom width in meters
B2T: breach top width = R2 + 2.0 * UT * RRLT in meters
¢. Part € - Hydrograph at Damsite.
T: time in hours
OTT:  total discharge = (B2 + UxpD RIS O Mj‘xcL
d. Part D - Fleod Routing.
T: time in hours

TTTe:

sections along the channel reach at which the
3 . . 1
hvdrograph OTT (m /sec) is printed

tag time of

Bodrograph at cach sectios




LISTING OF BEED-1 COMPUTER PROGRAM

APPENDIX B:
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I SN 1 c SUBROUT INE COVOL (HSV VL, HVL,VIIL)
C XXX XSX XX RRF AT IR D XN RFRERA KR Ak I X G K a &
C OETERMINATION NF RESERVOIR VNLIMME
[OR 2223 2222312222 222 Rt 2 223 2222 RY
C

1 SN 2 REAL HVL(20),vCL(20)

ISN 3 1=1

ISN 4 IF (HSV.LT. HVL{ 1) YT HEN

1SN S5 vi=0.,0

ISN 6 SE

ISN T 050 IF(HSV.LELHVL{T#1))GC TC 3060

ISN 8 I=1+1

ISN 9 GO TO 3050

ISN 10 3060 VE=VOL{ IY+(VOL(T+1)=-VO LI ) *(HSV-hVLIT) ) /(i VE LT+ 1)

1 ~HVL (1))

ISN 11 ENC «F

ISN 12 RETURN

ISN 13 END
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1SN 1 SUBRDUTINE COQSOI(H2,QSPL,HSP, 0SSP,y CALT JHCH,N0U,TST,
LINFL,TIF,INF)

C
C XXX RREREXRXEEERE AR KRR R KRR Sk ek bk k kB
C ESTIMATION QOF SPILLWAY,0OUTLET &
C INFLOW DISCHARGES
C %3255k hkfk AR KRk h bR Rk kk kR hky dok kA%
C
1SN 2 lREIAhFESP(ZO),QSP(Z'”,H(IU(Z".).Qﬂ'J(ZM.TIF(?O‘,I”F(Z-'H,
C
E CNOMPUTE SPILLWAY DISCHARGE
ISN 3 I=1
I SN 3 TF(H2 L T.HSPUI))THEN
ISN 5 QSPL=0.0
ISN 6 ELSE
1SN I4 3090 IF(H2 JLELHSP{I+1})50 TN 3100
ISN 8 1=1+1
ISN 9 G0 TN
1SN 10 3100 QSPth??{I)*(QSP((*l) QSPCIYI®(H2-HSPIT)) /€SP (I+ 1)
ISN 11 ENDIF
C COMPUTE OUTLET DISCHARG
ISN 12 1=1
ISN 13 1F(H2.L T .HOU(I))THEN
15N 14 QOUT=0.9
1SN 15 ELSE
1SN 16 3130 [F{H2 JLE.HOULTI+1))IGO TG 3140
ISN 17 I=1+1
ISN 18 GO 10 313
ISN 19 3140 QOUT= QOU(!)+(QOU(I+1)-QOU(I))*(H? HOUOTY) /(0T +1)
1 -HOU(I))
ISN 20 c ENDIF
g COMPUTE INFLOW DISCHARGE
ISN 21 1=1
ISN 22 IF(TSILLT,TIF(T))THRN
1SN 23 INFL=INF (1)
1SN 24 ELSE
I SN 25 3170 IF(TSILLELTIF(I+1})GD TN 318D
ISN 26 1=1¢}
ISN 27 GD 70 3170
1SN 28 3180 INFL=INF (I)+ CINFUI4L)=INFUIIIR(TSI-TIF(L))
1 JITIFCI+1)-TIFL(I)Y)
ISN 29 ENDIF
ISN 10 RETURN
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APPENDIX C: LISTING OF BED-II MICROCCMEUTFR rLUCRAM

10 ¢

N 2 22222 S S R R R A R N S NS 2222 00002t 2822D
0

a0 R 2 = F A M E E £ o Ty

S0

&EO T

EACE vVE R T DO A N A

30 "

A S A T RS e e e A R R N R R R S N R R R S A S R RSS2
100
(IS S S 2 R R S R S R RS R RS RSS2 R N R R R S NS P A S S R T RSS2 S
120 °

170 ° ] = I 0] F F 0 3 = o M

Va0 ?

IR-TE I S A ST S0 e S R N N 2SS S22 RSS2 223382C2 222
150 7

170 7 kKK KREKEKRERR A RN KRR AR KRRk KKk Kb Ky &

130 ° O A 7T A FREDCE=ZINMNG

TG0 T KKK AREKRKKEOR R A A KRR N KRR RN KR RN KKKk % &

PRt It B

2170 AFTION BASE

—~eey

D20 DIM ORVL (DO V0L D0 (HER (T QSF T N D QR ETA  TIF DA CTHE 70N (THYD {00
DY GHYD CEODD (OTNILOO0Y JOTT PSS (T BV D0 (T DANY OHL T T NMU 200 (B D00 DIST
(200 (FRET (200Y FREST (20)  QTTET (00 [ AMAH: Dans  TTRAL (DA TTTE (D00 | TTTE (2

270 FEAD CH(DS, 3R F NI, FHT, COH

240 FEAD LE(LT(LC.HTD,HE

2540 READ HIT,.IZIT, I2MINMN,DTE

D& FEAD LIMINCSEC.EYRD X, IT

ZTGREAD NOFQ

o820 FEAD TEIM, DTR

290 FEAD DYMIN

O
T10 7 fFEAD DATAS FOR FLOOD FOUTING AND DERINE THTERMEDIATE TECTIONS
20

T 3=

TR READ BTN TV (CHU OIS M T BN DIET A (CRT T

READ BV IV CHVD NN (S D DIST2LFRTD

1F BUT=59%7% THEM SO0

TR ORISTZ-DIST OO0 DYMIN THEN MINT=INT o NIETI-TTe™ oIy fUyhTry 4 £ GF 1T =
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READ THITIAL DS RaRGE AT R0

4
SEATD QTTLE
READ UOLUME  ITORET PN OThE T OTERLT
=Y
FEQD SO TTY U0 T R T TN T T p e eey
AT TP Tl L wey DISLHARGE
HES
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.
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P
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2450 LORTIHT OCEREFATH PEOTION SIMULATITN L OR INT
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LEETHT 0 TT ot ART teT oo g7 e TTnE RRMT T pT orT VT o
LERTHT

KRR Rk R h KR xR kR hd hk ko h kb Uk Rk K E R KR R R R Kk KOROKCKOK K OK KOK R OKOR K KKK K Ok K K K K K X

BREACH EFDSI0ON SIMULATION
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R
o
1o
PR

§oTes

1400
1410
1400
1470
1430
1450
13450

1474

T

HI=H1T: T
Do Ty

S Te kb

VAT

p T
T :
ALY L U
LT

TOME T
LOSUE

T =TT T
T KKkk

TOokkkk¥Y

FRe 1o s

K&Kk X

R RS

TOTOME T
TF Wz
El=Y XA
TR
OT-D "R

HOO-HL e T

TT T

1a0r
140s
ERDS

LT

1810

10N

gD N

= ] JionT
“ T T
= DEFTH T
CEF ™ L7
SREREFUGTR LEVE!
CEREACH EQTTYOM L&
SUEATREANM FACE SN T W D T THE e T DT
=DOWHESTRESM FSCE PALE W17 The e 700 o
SUTTHITTE D RPN T T F T Lyt
Sy AR TR LR TET T T
REFSOH ROTT O I 0TH
=TUTEL D B DEOME SR
CPPUMERF D T S e RS
T T T Ty T -
HTD=HE) f T BR AT o Th kel LRl e
CELEATS THIGE-L g mi T T ey
EOSFTL W (TNET SIMELOW LT S0 MR S
RS S A L cIMFC=THEL
.
!
R
EOSBET OAMD CRUDE FOE S bR LRRETT
“
ST I TR QT T TG e R ke Y T
KhRAREY (R KRR ER PR AR bR kR VR KRR kA kK Fh kb k& &k
CONE T TaMELTE KD T SREGINM TG
N S S RN R S S RS S R A AR
TQ 1T
KARKERRKKRRK KRR P KR KRRk kb h b b k3
GLUIES RROM [ LST TTERLTION
2SR A N SRR S R R R R
EORRELORE POTTOM WIDTW
SO THETD A=eT- T
OFET THER OMox=0FT
ERUSER SN ch e S DI DRSS S DA PR SFR SIS SRR

OMCCC =0 T TR T ks By THTERRCL AT TN L L
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JEC
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1520 Qp2=.0005XAMAX+ (QB1~. OOOSXAMAX) ¥ (Z600XTSIM=-TT-DT) / (Z6&00XTSIM-TT)
1530 H2=Z2+(QR2/ (1.45%B2)) " (2/3)

1540 °
1550 ° U1=WATER VELOCITY AT THE TOF 0OF THE DAM
1560 °

1570 UL=0B2/ ((B2+ZTx (HZ2-Z2) ) x (H2-22)): 6070 2470

1580 IF DZT1>*HTD-Z2MIN THEN DZT1=HTD-ZZMIN:GOTO 1740

1590 °

1600 ° LI=BREACH LENGTH AT THE TOF OF TRHE DAM

1510 7

1620 L1=LC+DZT1x(1/TAN(AA) +1/TAN(EBR) Y -DZTZ/SIN(ER)

1670 IF L1260 THEN L1=LiMIN:DZTi=(LI1-LC+DIT2/SIN(EE)) /(1/TAN(ARA) +1/TAN(BE))

1640 IF DZT1 HTD-Z2MIN THEN DZT1=HTD-ZZMIN:L1=0:DZT2=SIN(ERE) X (LC+DZT1%x (1/TAN(AAR)
+1/TAN(EBER) ) -L1)

1450

1660 ° L2=BREACH LENGTH AT THE DOWNSTREAM FACE

1670 7

1680 L2=(HTD-HEB-DIZT1) /SIN(RER)

1690 °

1700 7 XXX KKERKKKEKKKKKRRER KKK KRN K N AKX KX
1710 7 LOOF TO COMFUTE HZ -BEGINNING

1720 7 XEAXAKKKEKKKKKKKK KKK KK KR KK KRR KKK KRR KKK KK KKK
17720 °

1740 HIT=HZ

1750 °

1760 0 XK R KKK KKK KK KK KK KK KOk KKK K K KKK KK KK KK K K K KKK X X X X
1770 ° LOOF TO COMFUTE DZi —EBEGINNING

1780 7 KXKKKK KKK KKK KRR KRN K KRR KKK KKK KKK KKK KKK KKK X
1720 7

1800 DZ=D21:Z2=HTD-DIZIT1~DZi:IF Z20=ZZMIN THEN Z2=ZTMIN:GOTO T070
1810 °

1820 ° COMFUTE QEZ AND CHECK FOR SUEMERGENCE
1870 °

1840 GOSUE 4£90

1850 °

1860 T KKK KK K K K K Kk ok K KK K KKK kK K KK KKK K KOk R KOk k K X X
1870 ° DETERMINATION OF DZ1

1880 * KAk KK KK KO KK KK KKK KKK KK K KOK KOk K K KOk KK K0k X K Kk
1890 °

1900 U1=ABZ/ ((B2+2Tx (H2-22) ) X (H2~-22Y)

1710 7

1970 ° COMPUTE SEDIMENT DISCHARGE (VOLUME EBASIS)
1970 7

1940 U=J1:60SUE 4770

1950 FSI1=FS1:1F 22=Z7MIN THEN QBV1=0:D21=0:60T0 199G
1940 QRV1I=0BY

1970 DZ1=0BV1IADT/ (L1Xx(1-F))

1980 IF DZ1°1' THEN DT=DT7~/10:60TQ 1970

1990 IF ABS(DZ1-DZ) .00S THEN 1800

2000 ¢

TOTO T KKK KK KKK KO KK KOR K0OK KKK K KK K OK K KK K K KOk X KOk K KOk
2020 ¢ COMFUTATION OF HZ

207007 KEKRKRK KKK KRR KKK KKK K KRR KK KRR K KRR KKK
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2040
2050
2060
2070
2080
2090
2100
2110
2120
2170
2140
2150
2160
2170
2180
2190
2200
2210
2220

2270

2240

2250

2260
2270
2280
2290
2700
2710
2720

2770

2740
2780
2760
2T7G
2380
2790
2400
2410
24720
2470
2440
2450
24460

Y Rl
Pt

2480
2490
2500
2510
2920

TETO

2540
B2T

- .
2550

T COMFUTE VOLUME STORED EBY THE RESERVOIR
IF ABRS(HI-HZ) 7,01 THEN HSV=H1-2! ELSE HOV=HD
GOSUE 4400:V0L2=VL.

COMFUTE SFILLWAY,OUTLET &INFLOW DISCHARGES

TSI=TT+DT:GOSUEB 4500: QASFI=0SFL: Q0UZ=00UT: INF2=INFL

 COMPUTE QGRZ AND CHECH FOR TAILWATER EFFECTS

GOSUER 4890
HZC=H1+DTX.SXx (INFI1+INF2-QTT1-Q5SFZ-Q0UZ-QEZ) ¥ (HSV-H1) / (VOLZ-VOL 1)
IF ABS(HZC-H2) ».00% THEN HZ2=HZC:GO0TO 2070

IF ABS (H2-H2T) ». 01 THEN 1740

TOREKKKKKRKK KKK KK KKK KKK KKK KKK KK KKK KKK KKK
; LOOF TO COMFUTE HZ -END
TORKERKKKEK KKK KKK K KKK KKK KRR KKK KKK

L2222 0022203280023 0032220220032 ¢%
* DETERMINATION QF DZZ2
TORKKEKEEKRKKKKKKKKKK KK KKK KKK KRR KKK KKK

IF SUBM=1' THEN UZ=0:60T0 2370
B2S=B2: CHS=CH:NMS=0": 58=(NTD-HE) / (LE-LT-LD)
25=7T1%DZT1/DIT2: QS=0RZ

COMFUTE YZ AND UZ ALONG THE DOWSTREAM FACE DF THE DAM
GOSUR S060:Y2=Y2C

U2=QEBZ/ ((BZ+Z5%Y2) x¥Y2)

U=uz

COMFUTE SEDIMENT DISCHARGE (VOLUME BASIS)

GOSUE 4770
FEIZ=FSI: IF Z2=Z2MIN THEN U2=0:QEV2=0:DIT0=0:60T0 2470
QEVI=0BV: DZ2=CBVXDT/ (L2% (1-F))

TOFRINT RESULTS

1 I=TT+DT
QTT2=0Q8F2+AQ0UZ+AEB2
TTH=TT /7600
FHO=(H2~HE) 7 (H1T-HR)
IR (I2-HR) / (Z1T-HE)
BRHT=HTD-22
BR2T=B2+2 ¥ ITXBERHT

LFRINT USING “ ##. 88 ";TTH;:LFRINT USING " Hi4#88. % "(0ORD(RHIIRIZIEBRHT(RT:

C5




260 T KRR KKK KKK KKK KKK K K K K KK K K K K K K X K KKK K X K K K

2970 ¢ DETERMINATION OF LATERAL SLOFE

2580 T A ROKROK KK KKK K KK KK KK K K K K K KK K K KKK X K Rk K X K K X

2990 °

2600 IF QB2/OMAX =, 005 THEN 7740

2610 Ar=ATN(1/7ZT)

2620 AF=AF-5/57.29978

2670 IF AF 0 THEN 2740

2640 LSS1=(HTD-Z2) ¥ (1/TAN(AF) ~ZT) : LSS2=(HIT-Z2) X (1 /TAN(AF) - ZT)Y : LSS = «HI~-27) % 2T
2650 HA=LSSTHK (HIT-HD)Y XTANC(AR) / (H2-Z2+ (HIT-H2Y X (1-ZTxTAMLAF) )

2660 Al=, 5%k (LESSIX(HTD-22) ~LSSIXx (H1T-22)) t AC=.SXLSST¥HA4: AT =, SXLSSTX (H1T-72 -A7
2670 A4=,SXLBSTX (HIT-HI2-HY)

2680 FL=9B00X (SRXA1+ (SR+F) XAT+ (SR~ (1-F) ) XAT-A4) : FH=4900K (H1T-HZ) ¥ (HZ2~-72)

2690 NORM=FGXCOS (AF) ~FHYSIN(AF) : IF NDRM =0 THEN NORM=0

2700 LHS=FG*¥SIN(AF) +FHXCOS (AF) : RHS=NORMXTAN (FHI /57, 29578 +COHX (HTD-22) /SIN (AR
2710 IF LHS =RHS THEN 275620

2720 ZT=1/TAN(AF)

2770 LFRINT “ZT NEW="3;ZT

2740 IF JxDTETT THEN 1470

2750 HYD(I+ D) =QTT1+(IXDTRE-TT+DT) x(QTT2-QATT1) /DT

2760 NEXT J

2770 7

2780 7T KRR KKK K KKK K XK AKX K K KK K KKKk KKK A KK Kk ¥k k% X
2790 7 LOOF TO COMFUTE HYD(J) -END

2800 T kKKK KKK KKK KKK XK KK KK KK K KK K K KK K KKK K K K K KK X
o810 7

2820 LFFINT:LFRINT

2870 LFRINT “HYDROGRAFH AT THE DAM SITE"

2840 LFRINT T [HY QTT [MZ/S] T [H) QTT [(MZ/G] T (H] GTT MZ.92 T [H]
aTT [(MZ'3]"

2850 LFRINT

2860 FOR J=1 TO NT+!

2870 THYD (JV1=(J-1)XDTE,/ T&00

2880 LFRINT USING "#8#8a8, 48 " THYD(J) ;HYD (J)

2890 NEYT o

2900 7

210 7 KRR EEERKEKI A KKKK K KKK KK KRN KK RN KRR KKK R KKK KKK KRN R KKK RN R KR KR KR KRR RN KX

292G

2970 ¢ F L O 0 D R 0O U T I N G

2940 ¢

TS0 T RRKEE KKK KKK KKK KKK KKK KKK KKK KRR KKK KKK KKK KKK KKK Rk KRR KKK KKK KR KKK KRRk R XKk

29560 7

2970 ° FRINT HEADINGS

2980

2990 LFRINT:LFRINT: LFRINT

TOO0 LPRINT " FLOOD ROUTING":LFRINT

TOL10 LFPRIN " T (H] QTT [M7/51 AT STATION # ":LFRINT
TO20 ¢

TOTO T XK K KKK KK K KK X KK KK KK KKK KK KR KKK Kk kKX Kk XK

040 INITIAL CONDITIONS

ZOS0 T EEXKEKKKEEKKK KKK KRN KK KKK KKK KKK KKK KKK

Cé




I060 7
3070 * HYDROGRAFH IN SECTION 1

080 ¢
TO20 NR=INT(TSIM/DTR)
T100 I=2

I110 FOR N=1 TO NR

TIZ0 I=1-1

T1Z0 IF IXDTE-NXTLHEOOXDTR =-, 001 THEN 7150
7140 I=[+1:GOTC 1=

T150 OIN(N)=HYD(I)+(HYD(I+1)—HYD(I))t(ijéoQ*DTp_gI-I)‘DTB)/DTE
T1560 NEXT N

170

Z180 " DEFINITION OF THE SECTICNS TO KE FRINTED
3190

T200 M=1:FOR J={ TO NB

I210 IF PRT(3) =0 THEN 270

I2Z20 PRST (M) =FRT (J) :M=M+1

I2T0 NEXT J

T240 LFRINT 7 - "

IS0 MT=M-1

260 FOR M=1 T0O ™MT

T2T7O OLFRINT USING ¢ HH "sFRST (M) ;

T280 NEXT ™M

T290 LFRINT

00

TI20

TITO OFOR J=1 TO NS:QTT(J,2)=QTTLS+(HYD (1) -QTTLS) X (NS-J) / (NS~1)

TTAO QTT(JI+1 DY =QTTLS+HYD (1) ~ATTLS) X (NS-J-1) / (N5-1)
ZIE0 OMAXM(J) =, 001 NEXT J

TTHO

IT7G007 RREKKKEARKK KKK KKK KRR KKK LKA KRR R KKK KR KKK KKK KK
T80 ¢ LOOF THROUGH TSIM  -BEGINNING

TIGO T KRR KKKKKK KRR KR KRR KKK KRR KKK KKK KKK K KKK KK X
TR00

J410 ° ALFHALI=HINEMATIC WAVE AFFROXIMATION COEFFICIENT AT
2420 ¢ SECTIONS (J.N) AND (J N+1»

T470 7 ALFHAZ=F INEMATIC WAVE AFFROXIMATION COEFFICIENT AT
=440 - SECTION {(J+1,N)

4S50 T BETHA =L INEMATIC WAVE AFFROXIMATION EXFONENT

Ta460 T CA =FLOOD WAVE CELERITY AT SECTION (J,N)

470 T CE =FLOOD WAVE CELERITY AT SECTION (J N+

480 1 CC =FL.O0OD WAVE CELERITY AT SECTION (J+1,N)

490

TSOO FOR N=1 TO NR

TS10 AQTT (1, T =aINN)

TS20

TETO 7 KRR KEXAKAKEK NI R R KK KKK KRR KRN R KRR KKK KX
TS40 ¢ LOOF ALONG CHANNEL ~-BEGINNING

TESG T ERENEEE RN KRR K KRR KR KR KKK AN KR KKK KRR KKK KKK
5460

IS7C FOR 2=1 TD NS-1

c7

IT10 7 INITIAL DISCHARGE AT EVERY SECTION (BY LINEAR INTERFOLATION)




3880 IF NMV(J)=0 THEN ALFHAL1=CHV (J)¥SORT (SV(J)) : ALFHAZ=CHYV (J+1) XSART(SV (J+1)) : BE
THA=1.,5:60T0 2400

2590 ALFHAL=SART (SV (J)) /NMV (1) : ALFHAZ=SART (SV(J+1)) /NMV (J+1) : RETHA=S/2
3600 CA=RETHAXALFHAL" (1 /RETHA) X (ATT(J,2) /BV(J)) " ((BETHA-1) /BETHA)

3610 CR=RETHAXALFHAL ™ (1 /BETHAY X (QTT (J, ) /BV(J)) " ((BETHA-1) /BETHA?

I620 CC=BETHAXALFHA2 " (1/BETHA)Y X (QTT (J+1,3) /BV(J+1)) " ((BETHA&-1) /BETHA)
IHTO T

3640 ° COMFUTE FLOOD WAVE CELERITY AND UNIT WIDTH DISCHARGE

360

660 C=(CA+CR+CCH /!

I670 GM=(A(J,2) BV 4RI, D /BVID +Q(J+1, D) BV (I+1)) /T

3680
2690 * COMFUTE FARAMETERS FOR MUSKEINGUM METHOD
T700 7

2710 IF C=0 THEN QTT(J+1,3)=QTT(J+1,2):GD0T0 850
I720 ¥1=(DIST(J3+1)-DIST(J))/C
I7T0 X=,SXk(1-2"XAM/ ((BV(J) +SV(I+ 1)) XCK(DIST(J+1)-CIST (I )

TT740 IF X<0O' THEN X=0!

3750 °

Z760 ° COMFUTE COEFFICIENTS
770 ¢

I780 CA=Z600%XDTR/K1+2'%(1-X)

I790 C1l=(2&OOXDTR/K1+2'XX) /C48

2800 C2=(T600XDTR/K1-2'%X) /C4

810 CI=(2'%x (1~-X)-T600%DTR/K 1) /C4

28O ATT(I+1, ) =C1xATT (I, ) +C2xQTT(J, O +CTxATT (J+1, D)

T8I0 IF QMAXM(J+1)CATT(JI+1,3) THEN AMAXM(J+1)=0TT (J+1,7)

840 IF QTT(JI+1,T) 20" THEN LFPRINT “J="3;J:LFRINT "DIST(J)=":DIST(J) 1 LFRINT "QTTJ

P1, =" AQTT(J+1,3) :LFRINT "MODIDY DXMIN AND/OF DTR":STOF
T8I0 NEXT J

860 °

51y 33 3228338328333 83383338333328833333332312
3880 - LOOF ALONG CHANNEL -END

IBYO T O ARRKKKKEERKKKKRKEKEX KKK KKARR KKK KK KKKKKX KX
T0O0 ¢t

910 * CTRAV=MEAN WAVE CELERITY

I920 ° TTRAV=ACCUMULATED TIME OF TEAVEL OF THE WAVE
IQT0

3940 TR=NXDTR

2950 M=1

960 FOR J=1 TO NS

Z970 1F FRT(J)=0 THEN 7990

980 ATTPT (M) =QTT(J, ) :M=M+1

392G NEXT J

4000 LFRINT USING " ##8.#8 " 7TF;

4010 FOR M=1 TO MT:LFRINT USING " #a##88_ 8 ";QTTFT(M) ; :NEXT M:LFRINT
4020 FOR J=1 TO NS:QTT(J, 1H)=0TT(J, D :0TT(J, o, =QTT(I T :NEXT J

4070 NEXT N

4040 TTTR (1) =0

4050 FOR J=1 TO NS-1

4060 CTRAV=EETHAX (SART(SV(J) ) /ZNMV(J)) (1 /BETHR) X (. SXQMAXM ) JEV(I) Y ((BETHA-1 'k
ETHA)

c8




4070
4080
4090
4100
4110
4120
4170
4140
4150
4160
4170
4180
4190
4200

4290

4400
4310
4470
4470
4440
4450
4460
4470
4480
4490
4500C
4510

570

570
4540
45350
4560
4570
4580

TTRAV(J+ 1) =(DIST(J+1)-DIST (1) /CTRAY

TTTR(J+1)=0':NEXT J

FOR J=1 TO NS-1

FOR I=1 TO J:TTTR(J+1) =TTTR(JI+1D+TTRAV(1+1) :NEXT IT:NEXT J
LFRINT " -~- LAG TIMES ---"

M=1

FOR J=1 TO NS

IF FRT(J)=0' THEN 4160
TTTR(M =TTTR(J) : M=M+1

NEXT J

LFRINT USING " ##%. &4 ":7TR;

FOR M=1 TO MT:LFRINT USING " ######8. 8 ';TTTF (M) iNEXT M LFRINT

KKK KK 0K KKK K 3K K K OKOK KKK KK K KKK K K KKK KKK K KK K K X
LOOF THROUGH TSIM  -END
KK KK KKK K KK KK KK KKK KKK KKK KKk KR KK X KKK KKK KXk

ENTD 0 F THE Mma TN PR QG FRAM
KKK K KKK KKK R KKK KKK KKK KKK K KRR R R KK KKK KRR KRK KK KKK KKK KKK F KRR XK KKK N K
END
EXEKIKKKK KKK KKK KKK R KKK KRR KRR KKK KKK KKK KRR KRR R KR KRR R KRR KRR KKK XK

s U B R 0O U T I N E S

KKK KKK KRR KK KKK RN KK R KKK KKK KN KX K F AN KRR R R KRR RN XY

KERKKRKKRK KKK KRR KK KA RN KKK KKKk X%
DETERMINATION OF RESERVOIR VOLUME
EEXKERERRKRER KKK R S RXXKKR KKK RN KRk kX

I=1

IF HSY HYL (D) THEN NVL=0:60T0O 4480

IF HSY HYL(T+1Y THEN I=[+1:(0T0Q 4450

DL=VOL CTY S UL CTH L =00 DY R CHSY RV e Ty RV L TR -1V T
RETURN

(2822232322322 200002 SRRy
DETEEMINATION OF SFILLWAY,QUTLET
AND INFLOW DISCHARGES
(282022200t tRaRRRERd)
T COMRUTE SFILLWAY DISCHARGE

I=1
IF HZ HSF (I THEN OSFL=0: 6070 464¢

Cc9




4590 IF RI:HSP(I+1) THEN I=I+!:G070 4590

4600 QSFL=QSF (1) (QSF(I+1)~QSF{I) ) X (HTZ-HSF (1)) / (HSF (I1+1)-HSF (1))

4510

4620 ° COMFUTE OUTLET DISCHARGE
4670 7

4640 I=1

456550 IF HI2AHOU(CIY “HEN QQUT=0:6G0T0 4710

46460 IF HZ-HOU(T+1) THEN I=1+1:G0TQ 4&40

4670 AOUT=00L (D) +(QOUCTI+ 1) -QOU 1) ) ¥ (HTZ-HOQU T Y
4680 .

4490 7 COMFUTE INFLOW DISCHARGE

4700
4710 I=1

4770 IF TSISTIF(I) THEN TNFL=INF(I):G07Td 47%0
4770 IF TSITIF(1+1) THEN I=I1+1:607T0 4720

4740 INFL=INF (D)4 (INF I+ —INF (I X (TSI-TIF(I)) (TIFAI+1)-TIF (D))

4750 RETURN

4760 °

B770 7 KREKXKKKXKKKKKKEKKKEKKKRKKK KKK KKAKKKKK KK X
4780 ° COMFUTATION OF SEDIMENT DISCHARGE

4790 ° (VOLUME EASIS) EY USING

4800 ° EINSTEIN-BROWN'S EQUATION

4810 7 XXX KKKKEKKKEKKKKKA R KKK KKK KK KR KKK KKK KX
4820

4870 FSI=U "2/ ((SR-1)%CH 2¥DS): 1F FSI1/=.047 THEN FHI=0O':60T0 4860
4840 IF F3I1 =.0562 THEN FHTI=(4%FSI~-.188) "1.5:60T0 486C
4850 IF FSI =2' THEN FHI=40%FS] T ELSE FHI=SECXFSI EXFO

435650 QBRV=FHIXI x ( (SFE-1)%9,.8%DS"7) .9
4870 RETURN

JHOU CT+1) -HoU T )

4880

A4S0 T R KKK KKK KK K KKK KKK K KK KKK K KKK KK KKK X KKK KKK
4900 COMFUTATION OF QBT AND TAILWATER
4910 EFFECTS DUE TO SUEBMERGENCE

A970 7T KX RKAR AKX ERE KRR KKK R KR KK KR XK KK KX KR XK
4970

430 IF 72 =Z2MIN THEN Z2=7ZTMIN

39€0 [F H2-Z2 =" THEN QEZ2=0':6070 SO0

4960 OEZ=1.4SXB2x (H2-270 1.S+1,1SXZ2Tx (HZ2-22) 2.
4,70

496 - CHECH FQOR SUEBMERGENCE

329

SO0 BISsEYV (1) 76=20 (1) tNMS=NMYV (1) 1 85=8V (1) 1 OS=0RT+A0UT+GSF T CHS=CHA (1) s MG =NMY
18]

S010 GDSUR SO&6G:YT=YZC

70 IF YT+HE-I2 J&7%(HT-I7) THEN QBC=0QBRTK (1-27. 8% ((YT+HE-Z2) . (HZ-20) —. 67

BM=1':507T0 S040
070 SUEM=0"
Soa40 RETURN

MIRIA

AT 2 S 2 2 S R R R R R SRS S RSS2 RO R SRS

507007 COMPUTATION OF Y2, VYT

IR EE S SS S S S SRR SRS RS SRRSRSS RS R RRRRRRR S
cl0
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SO0 IF NOF1=1 THEN SI270

S100 "

S110 7 NEWTON-RAFHSON METHQD

S120 7

S170 IF NME=0 THEN Y2S5=((QS/ (CHSXRISY) T/8%) (1/7) ELSE Y2S=(1.44%xNMS"2xQ5 T (F2
S 2.567%8%y) (1/T)

S140 IF NMS O THEN CHS= ((RTZS+7SKYTS)YRYIS/ (ROS+2KYD2GK (1478 D)
SIS0 FY=0Sx(B2S5+2xy25x (1+I5 ) ", S) S-CHSX ((EXS+7SxY2S ¥YI2S) 1.5
S160 FRY=QS¥ (1475 7)) S/ (BIS+T2x (1+28 ) .S%¥YTS) ", S—1,"X[HSX {55k (
LR (BIS+ZXISKYIS) XxES 5

S170 Y2C=Y2S FY . FFY

5160 IF ABS (YZIC-YZ2S)Y (005 THEN v28=YTC:GATO 5140

5190 GOTQ S270

5200

§210 7 FIXED FOINT ITERATION METHOD

S270

270 ¥Y26=,001

524G IF NMS 0! THEN CHS=( (B2S+2S%YIS) XYDS/ (BOS+TXY2SX (1+25°2) . %)
S50 Y2C=(05 IX(BEIS+2xYIDSKx (1+25 2y 7,5 / (CHS 2% (R2S+238%Y2S) "Tx88))
ST60 IF ABRS(Y2C-YIS) L 00S THEN YIS=Y2C:60TQ =240

S270 RETURN

SoRO

S0

0176 /NME

)
(1/73)

STO0 T KRR XK KRR KKK KKK XK X XK KOk KKK ok KOk XKk K KOk ok k X
DATA
KXEKKERRKKKKKKKN KRR ERKKKRK KRR KKK KKK KKK KKK X

DATA SO0, 0070,2.5,0,20,1E~6,40,49000
DATA ST7.4,290.0,10.0,146025.19,15722.2%
DATA 1617.95,1612,.95,15722.07, 200

DATA 1.0,1779.99,1,2,0,5,0.25

DATA 1

DATA 76, 0.08TTTTT

S400 DATA

5410 DATA

1. OOy 0,005, 0 1
S420 DATA "y (RIS al 18, 7240, 2
S470 DATA (I [ANR 0.0012, 10458, e
S3440 DATA £ 0,0, O, 0027, 14807, 4
5450 DATA T 0.0, A 0.0042, 6788, O
%460 DATA o, G.O, 0,047, T.2E-4, T6T6T, 6
5470 DATA 0, 0.0, O.080, 7.6E-4, S2457, O
S480 DATA : O, 0.0, 0,077, 00,0014, 62590, 8
5490 DATA e 0y (RN 0,075, G.0014, T176%, O
SSO0 DATA R 0, 0,0, 0.0TT, O 0014, 73949, 10
5510 DATA i o, 0.0, ML 040, 0.0014,  S0748, 0
S50 DATA RIS O, RIS 0.07g, 0,0014, T8l 7, 0
S50 DATA Oy Uiy 0,0, 0,075, O.0014, 107298, 17
530 DATA . T N SO T T I N 0, 0
SE50 DATA TO0 .0
59550 DATA 1ST2.27, O
5570 DATA 1579, 74, T.TES

Cll




5580
53970
S600
5610
5620
5670
5640
5650
5660
5670
5680
5690
5700
5710
5720
5770
5740
S750
S760
S770
5780
5790
5800
5810
5820
5870
S840
5850
5860
5870
5880
5870
5900

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

1546.86, 11.01E6
1560.58, 28.3ITEé
1569.72, 61.68E6
1577.74, BB.11Eé
1584.96, 127, 2%E6
1591. 06, 160.80E6
1598.68, 202.6%ES6
1606, 720, 2S1.11E6
1622.76, Z8T.27€E4
PeF%, O

1616.96, ©
1618.71, 991.2
1621.54, S097.60
1625.192, S097.60
9999, O

1566.485, O
1569.72, 566,40
1579.52, 718.11
1601.29, 84%9.40
1620.88, 9460.86
1672.76, 960.86
999, O
0, °8.12

1800, 84.96
T600D, 158.59
7200, T12.40
10800, 192,58
14400, 170,27
21600, 67.97
28800, 42,48
6000, 28,32
000, 28,312
999, 0
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APPENDIX D: NOTATION
A Wetted cross section of flood channel

Ab Wetted cross section of dam breach
As Surface water area within reservoir
) Partial area of sliding wedge
Bottom width of the breach
B Top width of the uLreach
B, Top width of the dam
c Wave celerity

C Cohesion

Ch Chezy's coefficient of friction
Ci Muskingum-Cunge coefficients (i = 1, 5)

*
Ci Broad-crested weir discharge coefficients (1 =1, 2)
CI Integration constant

ot

C Wave characteristics

(=%

Depth of the breach

D Representative size of sediment particles
D50 Median size of sediment particles

e Erodibility index

Breach Froude number

i -

F Seepage force

: Acceleration due to gravity
G Weight of sliding wedge
h Hydraulic head
H Reservoir water level

HO Initial reservoir water level
i Imaginery number

I Inflow into a channel segment

I Inflow discharge

I+ O

J” Riemann's quasi-invariants

o

Muskingum parameter

Erosion proportionality constant

]

K Einstein-Brown formula constant

o ™

Length of breach in the flow direction

D1




rt C

X R < e A

< o

Minimum breach horizontal length
Number of nodes of each finite element
Mass of eroded material

Manning's coefficient of friction
Shape function (i = 1, 2, 3, 4)
Outflow from a channel segment

Soil porosity

Unit width discharge

Bed-load discharge in weight per unit width
Lateral inflow

Total outflow discharge

Breach outflow discharge

Crest overtopping discharge

Peak outflow discharge

Sediment discharge

Outflow discharge from spillway a4 powerhouse outlet
Hydraulic radius

Side slope (1lV:sH)

Reach storage

Energy gradient

Breach shape factor

Slope of the channel

Time

Dam failure duration time

Top width of flood channel

Water velocity

Reservoir water storage capacity

Water volume stored in reservolir
Distance

Horizontal projection of the sliding wedge
Water depth in flood channel

Critical depth

Depth of tailwater section

Breach bottom elevation

Initial dam height

Weighting factor in Muskingum method

D2




Coefficient of discharge formula
Coefficient of erosion rate formula
Exponent of discharge formula

Exponent of erosion rate formula
Specific weight of water

Specific weight of soil

Specific weight of saturated soil
Specific weight of submerged soil

Time step

Length of channel segment

Depth 0o° scour

Angle between shearing plane and horizontal
Angle between breach sides and vertical
Kinematic viscosity of water

Shear stress

Angle of repose of the soil

Sediment transport rate function
Unknown variable within a finite element
Unknown variable at nodal point

Inverse of Shields dimensionless shear stress

D3




